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Ceoonian Lecture. —The Messages in Sensory Nerve Fibres and 

their Interjrretalion. 

By E. D. Adrian, F.R.S., Foulerton Reaearch Professor. 

(Lecture delivered Juno 4, 1931—MS. received June 20, 1931.) 

[PlATCS 1-5.] 

The nervous apparatus which intervenes between stimulus and sensatioD 
has been the subject of more than one Croonian lecture. It may claim to be 
a suitable topic for a discourse on the “ Causes and reasons of the phenomena 
of local motion,” but it is a dangerous topic as well, since it forces us to consider 
the mind as well as the body and to attempt the moasurement of phenomena 
which lie outside the framework of the physical sciences. But in spite of its 
many difficulties the field is one in which mental and material changes are 
brought into the closest possible relation, and it should be worth exploring if 
for this reason alone. 

The sensory apparatus is most often studied by comparing stimulus and 
sensation. The method discussed in this lecture is a recent introduction 
scarcely issimilated to the older lines of work; it deals with an intermediate 
link vqf le chain, for it attempts to compare both stimulus and sensation with 
the mwages which pass up the sensory nerve fibres. It has depended on an 
improvement in the technique of nerve physiology and it is sad to recall that 
this improvement followed closely on the death of the investigator who was 
most fitted to profit by it. Nineteen years ago Keith Lucas, then only 33 
years of age, delivered the Croonian lecture on the ” Process of Excitation in 
Nerve and Muscle.” Hih lecture is a characteristic example of the rigid 
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analytio method which he need in fonunlating the problenu of nervoua aotivily, 
but it doee not reveal the mastery of ei^etimental technique wfaioh enabled 
him to solve them. Much of his later work dealt with the action onirents of 
nerve, the brief electric changes which are our main clue in the study of nervous 
conduction. He used the capillary electrometer to record them and his design 
of the electrometer system and of the machine for analysing its records showed 
his remarkable gifts on the instrumental side; it is quite certain that our 
knowledge of all that takes place in the nervous system would have advanced 
much further by now had ho lived to make use of the newer methods of 
electrical measurement. 

The advance in technique is due to the development of the triode valve 
amplifier. Whereas in the year of Keith Lucas’ Croonian lecture it was just 
possible to make an accurate record of the potential wave produced in a nerve 
trunk by exciting all its fibres simultaneously, a change of a few millivolts 
lasting a few thousandths of a second, it is now a simple matter to record the 
change of a few microvolta due to the independent action of each nerve fibre. 
Moreover, wo are no longer compelled to use a sensitive recording instrument 
like the capillary electrometer, but are free to select any system which will 
work rapidly enough—and here I must pay a tribute to my colleague Matthews, 
who has simplified the technique so much by his development of an osoillo* 
graph which is not only very accurate but literally unbreakable as well 
(Matthews, 1928). The method has opened up two lines of woric which are 
particularly oonoemed with the sensory nerves. At St. Louis Qasser and 
Erlanger have taken advantage of the unrestricted choice of recording systeat 
and have used the cathode ray oscillograph to analyse the potential changes 
which follow on electric stimulation, and at Cambridge the enhanced 
sensitivity has allowed us to study the activity of individual nerve fibres. 
Qasser and Erlanger’s work has stressed the wide variation between different 
typee of fibre; the study of individual fibres began by stressing the common 
features in their activity, but it has now reached the point where it must 
take Booount of the variations as well. 

The Natvre of the Message Transmitted by Nerve Fibres. 

Before discuBsing our main problem, that of the nervous mechanism tespon* 
Bible for pain, we must consider the general nature of the evidenoe which 
can be obtained from these electrical records. 

When a motor nerve is stimulated eleotrically a momentary distuibanoe or 
impulse travels down each nerve fibre and causes the muscle to contract. 
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The impulae is an explosive change of fixed magnitude and duration which 
spreads along the fibre leaving in its wake a temporary disorganisation or 
refractory state. Wherever it appears the impulse is associated with a change 
of potential; the active region in the fibre becomes negative to the inactive 
regions, and thus the progress of the impulse can be followed by placing the 
nerve on two electrodes leading to an electrometer and recording the defloctioas 
which occur os the active region arrives first at one electrode and then at the 
other. These deflections are of opposite sign and the interval between them 
gives the rate of conduction of the impulae. All this had been worked out by 
the classical methods of nerve physiology, using isolated nerves stimulated by 
an induction coil, but there was very little doubt that the messages normally 
transmitted were made up of impulses of the same kind. Direct evidence of 
this was forthcoming as soon as it became possible to detect the potential 
waves in each nerve fibre, for it was found that potential waves of the familiar 
type passed up the sensory fibres when sense organs were stimulated and down 
the motor fibres when movements wore in progress (//. fig. 1, A and B, 
Plate 1). The ** action potentials ” in each fibre are of fixed size and duration 
when they occur at intervals great enough to allow the recovery of the fibre 
after each impulse, and in fact the impulses which occur under normal conditions 
are identical with those set up by electric stimulation of the nerve trunk. 

There is no doubt that the transmission of messages made up of repeated 
impulses is an event which is constantly occurring in the peripheral nerve 
fibres, but are these the only kind of messages which can be transmitted ? It 
can do no harm to leave this question unanswered and to keep a look out for 
some other form of nervous activity, but as fresh evidence accumulates it 
becomes increasingly difficult to believe that any other form is possible. In 
general it may be said that in suitable conditions we find a transmission of 
impulses, as revealed by their electric effects, whenever we have reason to 
suppose that a nerve is in action, and that the main features of the impulse 
discharge agree with what we should expect to find in the nervous message 
judging from the conditions of stimulatioa and from the effects which the 
message produces. To quote a recent example: Dr. Stella has recorded the 
discharge of impulses in the nerve from the sinus caroticus and finds that it 
occurs when the artery is expanded by a pressure of 50-80 mm. Hg, and 
again when the pressure falls to zero. These pressures turn out to be in 
close agreement with those producing reflex effects on the circulatory system. 
Many other instances of such agreement could be given. 

The association of impulse discharges with nervous activity is not confined 
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to tho pear^henl nerves of vertebrates, thougb most ot the etideooe relates to 
them. The nerve fibres of arthropods and inseots show repeated potential 
changes of the same kind when sense organs are stimnlated and when move¬ 
ments take place. The time relations of each active period are slower than 
in the medullated fibres of a vertebrate, bnt there is the same unifonnify in 
the sire and shape of the responses. The arrangement of the central nervous 
system in insects makes it possible to examine the fibres in the nerve oord 
connecting one ganglion with another, and these, too, show potential waves of 
the familiar type (fig. 1, C). Thus in insects at least the messages which pass 
from one part of the central nervous system to another ate of the same kind 
as those in the peripheral nerves. 

It would bo incorrect to say that there is no evidence for the transmission by 
nerve fibres of any other change than the impulse, for Lapicque and his colla¬ 
borators (1928) have found alterations in the chronaxie of motor nerves follow¬ 
ing immediately on injury to the nerve root or to the central nervous system. 
The ohionaxie gives a measure of the rapidity of the excitatory process, and it 
is possible that transmitted changes in chronaxie might play some part in 
determining the effects of sensory stimuli. But a transmitted effect of this 
sort could scarcely be classed as a nervous message, for it does not arouse the 
activity which is normally aroused by the nerves. The effect deserves the most 
thorough investigation, but it need not modify the oonolurion that nervous 
oommunioation is carried out by the discharge of impulses each of which 
produces the characteristic potential change in the nerve fibre. 

Naturally there are cases where we could soaroely expect to record the electric 
effects, for a small amount of short oirouiting by inactive tissue may reduce the 
potential gradients to a negligible value. To avoid this the nerves must be 
suspended in the aix on the two electrodes which connect them with the 
recording system, and even so the short oirouiting which occurs in the nerve 
trunk itself makes it dfflcult to record the potential changes in the smallest 
fibres. . A probable failure of this kind will be dealt with later, but the failures 
have become fewer as the technique improves. 

The general likeness between the messages in different kinds of nerve fibre 
can be seen from fig. 1 (Plate 1). In a sustained discharge theimpnlses usually 
occur with a definite rhythm which varies with the intensity of the excitation, 
i.e., with the rate of change, the intensity and the duration of the stimulus 
in the case of a.gsnBe organ and with the range and force of the movement in 
the case of the motor fibtM. The production of such discharges must depend 
on some fairly simple reaction of a land which can oconi in many excitable 
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oeDa; it oan soaroely depend on special strootuxes developed in the sense 
oxgaos or in the giej matter of the central nervous qratem, for disohiirges of 
the same general character may arise from the out end of a nerve fibre (Adrian, 
1930). It certainly depends on something which oan be made to behave with 
quite machine-like regularity. Matthews (1931) has recently published an 
extended study of the muscle spindle in the frog and shown that, if soffioient 
rest periods are allowed, the whole course of the response to a given stbnulus 
can be predicted with an accuracy of about 1 per cent. Such regularity of 
behaviour is rare enough in any preparation of living cdls, but Bcoles and 
Sherrington (1931) have found the same mechanical precuion in some of the 
reactions of the motor neurone. The exact mechanism remains to be worked 
out. As a corrective to undue optimism it may be recalled that there are other 
rhythmic activities such as the heart beat and the waving of cilia which are not 
yet explained, although they were known long before the rhythmio nervous 
discharge—and when all is said we are still on the outskirts of the central 
nervous system, for the rapid transmission of impulses is a very humble part 
of the activity which transforms a collection of cells into a living animal. 

Grading of Activity »n (he Nerve Fibre. 

It has been stated that the impulses in a single nerve fibre ate all alike 
whatever the stimulus which has set them up. This is a point of great impor¬ 
tance in the study of the sensory apparatus for it implies that the message in 
any one fibre can only be varied by changes in the frequency and number of 
the impulses. 

If we are entitled to assume that a change in the character of the impulse 
would produce a corresponding change in the action potential, the evidence is 
clear. In two oases sensory discharges have been studied in preparations 
known to contain only one end organ of a pven tjrpe; Adrian and XJmratii 
(1929) have worked with a single Pacinian corpuscle in the oat and Matthews 
’ (1931) with a single muscle spindle in the frog and with both the potential 
changes are unaSeoted by the strength of the stimulus though their frequency 
varies over a wide range. In other preparations it is not possible to ensure 
that only one end organ is stimulated and in records made without special 
precaution there are usually several distinct series of action potentials, each 
with its own frequency and with potentials of fixed size. The natural inter¬ 
pretation is to suppose that each series represents the activity of a different 
nerve fibre and this is supported by the fact that the action potentials belonging 
to one sequence may appear so close to those of another sequence that they 
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oannot be tanvelling in the same nerve fibre (ainoe the interval between them 
is shorter than the r ef ract o ry period). In spite of this there was a remote 
possibility that different end organs attached to one and the same fibre might 
produce impulses of different form, but this seems to be ruled out by some reoeat 
experiments of Gsttell and Hoagland. They find that in the frog the tactile 
wMimgs of each cutaneous nerve fibre are distributed over a wide area but there 
is no sign of any change in the action potentials when different parts of the 
area are stimulated. 

It is conceivable that the impulses might vary without any corresponding 
variation in their action potentiats, but conceivable only on the assumption that 
our ideas of nervous conduction are quite incorrect. The hypothesis which 
holds the field, and seems likely in its main outlines to continue to hold it, 
makes the potential change an essential link in the transmission of the active 
state from one section of the nerve fibre to the next. On this “ membrane 
hypothesis ” the local currents cause the spread of the surface breakdown into 
the inactive regions and make these active and in their turn the seat of further 
electrical change. Thus the activity of each section of the nerve fibre is a 
direct consequence of the potential change in the preceding section; similar 
potential changes must produce similar periods of activity and if the potential 
change does not vary with the stimulus there is no possibility of variation in 
the impulse. The membrane hypothesis may turn out to be wrong, but there 
is nothing in the records of nerve discharges to throw any doubt on it and there 
is no other good evidence to suggest that the action potential and the 
impulse are not directly related to one another. 

It is worth while insiating upon the unvarying character of the nerve impulse 
as revealed in records of motor and sensory disohaiges, for there are signs of 
a reaction against the doctrine usually known as the “ AH-or-None Principle.*' 
The reaction is natural enough and the phrase itself is largely to blame, for a 
statement that a nerve or a muscle obeys this principle can be given a much 
wider interpretation than has ever been justified by the facts. The activity' 
of a nerve or a muscle can be graded both by alterations in the number of 
fibres in action and in the frequency with which the impulses succeed one 
another; moreover, the size aud form of the impulses can be varied by changing 
the condition of the structure in which they appear, by alterations of 
temperature, mechanical deformation, etc. All that can be asserted is the 
muoh less sweeping statement that there is an all-or-nothing refarion between 
the stimulus and the propagated disturbance which it sets up. The wave 
of activity which travels away from the stimulated region is one which occupies 
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the entire reeouzces of the fibre at each point; it depende only on the local 
condition of the fibre and not on the strength of the stimulus. But in the area 
directly affected by the stimalas other changes will occur, and these may be of 
graded intensity. Examples are the local change which follows an inadequate 
stimulus in muscle or nerve and the localised contraction which appears at the 
cathode in muscle during the passage of a constant current (cf. Lucas, 1908). 
Changes of graded intensity may well occur in the regions from which unpulse 
discharges arise, the sense organs or the central grey matter; their intensity 
will affect the frequency of the discharge, but it is safe to conclude that it will 
have no influence on the size of each impulse in the nerve fibres. 

Changes in Impulse Frequency : the Touch Receptors, 

The simple character of the sensory message raises a problem which in a 
slightly different form has been under discussion for many years. In any one 
nerve fibre the discharge may alter in frequency but in no other way. What 
then will be the effect of a change of frequency on the sensation which the 
message evokes \ There is good reason to suppose that changes in the intensity 
of sensation depend on changes of frequency in the message, but can the 
frequency determine the quality of the sensation as well as its intensity ? 
Increasing pressure with a hard object on the skin makes us feel first touch, 
then pressure and finally pain. Are these sensations produced by discharges 
of increasing frequency in the same group of sensory fibres, or is each kind 
of sensation due to a specific nervous apparatus ? For the special sense organs 
this query was answered many years ago by Johannes Milller in his statement 
of the doctrine of “ specific nervous energy.” For the sense organs in the skin 
it has been answered by von Frey, who holds that the akin surface can be 
mapped into small spots, each with a particular quality of sensation attached 
to it. However it is stimulated a touch spot will give the feeling of touch 
and a cold spot that of cold. The pain spots are very widely distributed, but 
von Frey considers that they produce no other sensation than that of pain. 
On this point, however, there is still some difference of opinion, for although 
the distinction of thermal and mechanical receptors is generally admitted, the 
speoifio character of the pain receptors is not, and Ooldscheider and his school 
consider that pain may arise from intense stimulation of the receptors for 
mechanical change (Ooldscheider, 1926). 

The study of the impulse messages has not yet given much that is conclusive, 
but pain is so important an element in our lives that the results seem to be 
worth stating if only to show what may be expected of this line of attack. 
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The first oonolusion is that the receptors for li^t touch are supplied by the 
larger medullated fibres and that in some at least of these fibres no messages 
Oftu give rise to pain in the normal animaL The evidence for this is simple 
enough. When the frog’s alrin is touched with a wisp of cotton wool each 
contact and each movement of the wool along the skin surface produces a 
short outburst of impulses in the cutaneous nerves. The action potentials 
are not all of the same size, but they are conducted rapidly and must be due to 
the larger nerve fibres. Matthews (1929) has found a rate of conduction of 
16 metres a second at 16*^ C., and this probably corresponds to a fibre diameter 
of 7-10 (JL according to the principles of analysis used by Gktsser and Erlanger 
(1927). By a special technique it is possible to record only those impulses 
which are travelling in a particular nerve fibre. It is then found that the 
discharge in response to a touch may vary from a single impulse to a dozen 
or more according to the rate of movement of the akin surface^ but the receptors 
become adapted so rapidly that pcrHistcnt light contact has no effect after the 
initial skin movement is over. Under normal conditions, therefore, the 
moasages from the tactile receptors will be intermittent and the frequency will 
never be maintained at a high value. But it can be maintained at a very high 
value by the use of a rapidly fluctuating stimulus. Cattcll and Hoagland have 
used an air jet interrupted by a toothed wheel and have found that each puff 
of air will produce a single impulse. The discharge can be maintained at 
frequencies of 260-300 a second for a quarter of a second, and at slightly lower 
frequencies for much longer times. Stimulation producing such a continued 
high frequency discharge must call on the nerve fibre to the limits of its capacity, 
for its refractory period will prevent it responding at higher rates. There is 
no way in wliioh the message could be intensified, yet it is clearly not painful, 
for an intact frog pays no more attention to an interrupted air jet than it does 
to a touch. 

The same result can be shown with the cutaneous nerves of the guinea pig. 
The receptors at the roots of the hairs agree with the tactile receptors of the 
frog in their rapid adaptation, and in the large size of the nerve fibres which 
supply them. When the hairs are touched with a steel strip vibrating at 
several hundred times a second there is a continued impulse discharge at the 
same high frequency. Yet on intact guinea pig certainly does not behave as 
though it felt pain when stimulated in this way, and we ourselves would feel 
nothing more than vibration or tiolding. 

Thus the nerve fibre which oonv^ the. message aroused by light touch 
cannot be responsible for the pain aroused by severe pressure. To this extent 



9 


Sensory Nerve Fibres and their Inlerprdation. 

the distinction of touch spots and pain spots (or touch fibres and pain fibres) 
is fully oonfiimed. 

Nerve Fibres responsible for Pain tn the Mammal. 

In the Tnammal there is fairly clear evidence that some of the messages which 
arouse pain travel in nerve fibres which do not difier greatly from those oon- 
nected with the tactile receptors, though they are probably smaller and their 
rate of conduction, though rapid, is not as high as that of the tactile fibres. 
Erlanger and Qasser (1930) have shown that the sensory fibres can be divided 
into a group conducting rapidly, group A, and one conducting very slowly, 
group C. The fibres in group A conduct at rates which vary from 89-30 metres 
a second in the mammal, and those in group C conduct at 1-3-0*7 metres. 
Now there are various protective reflexes which are evoked by sensory messages 
travelling at 30 metres a second or more. Dennig (1929) found a rate of 40 
metres for the sensory fibres in the splanchnic which produce reflex con¬ 
tractions of the abdominal muscles, and Eccles and Sherrington (1931) one 
of 30 metres a second for the sensory fibres concerned in the flexion reflex of 
the log. It may bo noted incidentally that distension of the bile duct causes 
a large outburst of impulses in the splanchnic and that these ore certainly of 
the rapid type judging by tlie form of their action potentials (fig. 2, Plate 2). 
It is possible that the message which gives rise to a protective reaction is not 
the same as that giving rise to pam, but it is interesting to find that many of 
the fibres which conduct at a rate of 30-40 metres a second are particularly 
liable to give a persistent discharge when they are injured (Adrian, 19;M)). In 
fact their activity is so great that it is difficult to work with the larger mammalian 
nerve trunks because so many of those fibres must be injured in lifting the nerve 
from its bed. These persistent discharges arc likely to cause pain if they cause 
any sensation, but the fibres in question are mainly distributed to the blood 
vessels and connective tissue and they are not often brought into play by 
injury to the skiu surface. They arc probably of small diameter (4-6 p.) for 
their action potentials are distinctly less than those due to the muscle receptors 
or the tactile organs at the roots of the hairs, but their rate of conduction 
qualifies them for the rapid A group of Erlanger and Gasser. 

We meet with impulses of small action potential when the skin surface is 
stimulated, but here the nature of the fibres is not so clear. The brilliant work 
of Sir Henry Head has shown that with certain nerves such as the ulnar the 
area supplied with receptors for protopathic sensation (pain, extremes of 
temperature, etc.) is much larger than that for epicritic (light touch, etc.); 
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tbis onangement makes it poaaible to compare the moawges of the two khuU 
of reoeptora, for qtimulation at the marginB of the reoeptive field diould take 
effect on the protopathio receptors alone. The experiment has been oaitied 
out on nerves in two situations, the ulnar of the oat and the dorsal cutaneoua 
nerves of the guinea pig, and with both there is a pronounced difference in the 
reqx>nse from the centre and margins of the reoeptive field. A light touch on 
the ulnar side of the cat’s paw gives impolses of large action potential probablj 
conducted at 50 metres a second or more, and in addition to these there are 
usually impulses of much smaller potential, at any rate 
when the stimulus is enough to cause some deformation 
of the skin surface. On the median side of the paw 
deformation of the skin gives the small impulses but not 
the large, and there is a sharp line of demarcation 
between the two parts of the receptive area (fig. 3 and 
fig. 4, A and B, Plate 2). The same result is found 
with the guinea pig, for each dorsal cutaneous nerve 
supplies a central sone giving large aiul small impulses 
and a peripheral zone giving only the small (fig. 4, C 
and D, Plate 2). 

The small impulses axe certainly conducted lesgtepidly 
than the large, and the records suggest that they may 
travel as slowly as 15-20 metres a second, though 
accurate measurements have not been made. There can 
be little doubt that the impulses travel in nerve fibres 
of small diameter, that these have a wider peripheral 
distribution than the large fibres and that, with the 
ulnar, the distribution of large and small fibres agrees 
with the distribation of epicritio and protopathio sensi¬ 
tivity in man. Whether the small fibres should be 
classed as protopathio is largely a matter of definition. Their receptors are 
stimulated by a movement of the skin which would not ct^use pain in a normal 
animal, but this is perhaps no reason against their belonging to a system which 
registers contact as painful under the abnormal conditions which exist when a 
nerve has been out through. The receptors giving the small impulses are some¬ 
what less sensitive to movement than those giving the large, and thedr oharaoter 
and distribution would agree with (Soldscheider’s notion of a class of receptor 
which can give pain under intense stimulation. But most of them become very 
rapidly adapted to a constant stimulus and for this reason the discharge 



Fig. 8 . — Receptive 
fields on the oat'i 
paw giving action 
potentials in the 
uLoar nerve. Stimu¬ 
lation of the dotted 
region givfs large 
aoticm potentials (</. 
fig. 4, A) as wen as 
small; stimulation 
the median side 
of the paw gives onl^ 
the smaU potentials 
(fig. 4, B). 
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prodooed hj oattixigi buining oi orushing the alrin seenu scucely adequate to 
account for the pain which we should feel from an injury of the same kind. 
There is an intense discharge of both smaU and large impulses (if the central 
E(me is affected) during the infliction of the injury but nothing to oorrespcnul to 
the perflistent dull pain which would follow. Again, if the akin surface is 
scraped with a knife and then covered with weak acid there is often no discharge 
at all, or at most a momentary outburst os the acid runs over the a k in . 

Thus the receptors whioh give the small impulses respond to contact and 
movement as weU as to stimuli of damaging intensity and their response to 
the latter suggests that the essential stimulus is the momentary deformation 
rather than the damage. They may well be responsible for the acute pain 
felt at the moment of injury, but something more seems to be needed to 
complete the picture. Unless the sldn of the cat and the guinea pig is much less 
sensitive than our own, we must conclude that the discharge does not represent 
all that is taking place in the nerves—^that they are transmitting pain messages 
which we cannot record. 

A possible explanation is that the messages may be carried by fibres whioh 
give exceedingly small potential changes. Two years ago Erlanger and Qasaer 
(1930) showed that a mixed nerve trunk contains a group of fibres which 
conduct very slowly and give a very small potential wave. They form the 
C group in their classification with a conduction rate (in the mammal) of 0-7 
to 1 *3 metres a second, os against the rate of 30 metres a second and more for 
the fibres of the A group. Some of the fibres in the C group belong to the 
sympathetic system, and there is a group (B) conducting at intermediate 
rates which also belongs to this system, and does not enter the dorsal roots. 
But many of the C group enter the dorsal roots and arc presumably sensory, 
and as they have a very high threshold to electrical stimulation they might 
well form part of the afferent mechanism for pain. At present their activity 
has only been detected in the mammal when the nerve is stimulated electrically 
so that all the fibres are in action together. Wo may hope that with improved 
technique it will be possible to record the activity of individual fibres of this 
type, but at the moment the sensory discharges have not revealed any potential 
waves with a rate as slow as 1 * 3 metres a second. But the search in mammalian 
nerves has not been exhaustive, for these very slow impulses can be recorded 
in the nerves of the frog. Hero they supply just what is lacking in the mam¬ 
malian records and it has seemed most profitable to explore the slow system in 
the frog as thoroughly as poeaiblo before returning to the search for it in the 
mammal. 
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The Stow Fibre 9yitem in the Frog. 

The iii^>ul 0 ea set up by tactile stimulatioii of the frog’s skin, have been 
mentioned already. They travel in the larger medullated fibres at a rate of 
about 16 metres a second (corresponding to one of about 60 metres a second 
in the mammal) and their receptors become adapted very rapidly to a constant 
stimnlas. The action potentials are not all of the same sise and on the whole 
the potentials obtained by stimulating in the centre of the receptive area of a 
nerve are larger than those from the periphery. To this extent the arrange¬ 
ment is comparable to that of the skin receptors in the mRininAl, though in 
the frog there is no clear difference in conduction rate, and the division into 
large and small impulses may depend mainly on the greater branching of the 
fibres which supply the periphery. 

A light touch with cotton wool or a brush gives a diaeluitge which consists 
entirely of these rapid impulses with relatively large action potentials,* and 
in several earlier investigations (Adrian, 1926; Matthews, 1929) it appeared 
that a pin prick or a firm pressure gave no more than a prolonged diseharge 
of impulses of the same sort. Occasional slower impulses were noted, but their 
appearance was capricious. Our failure to detect the action potentials of the 
very slow system of nerve fibres was probably due to lack of familiarity with 
them. Although the sensitivity of the amplifying system is no greater, it is now 
an easy matter to record the slow impulses even in the larger nerve trunks, 
though the potential changes are much less than those of the rapid fibres and 
for this reason the best results are given by the slender dorsal cutaneous nerves 
where the potential changes due to each fibre ate relatively large. The slow 
potential waves are absent with light touch, but ate invariably present with 
stimuli which would damage the skin, and the list of stimuli includes the 
application of weak acid and of heat as well as various forms of mechanical 
injury. 

A selection of records in which they appear is given in figs. 6-10 (Plates 3-6). 
In many of tUlb records the amplifier is working at or near its maximum 
sensitivity and the base line shows a number of small irregular fluctuations 
which are due to the random fluctuations in the plate onxrent of the first 
valve (shot effect, etc.). They represent changes of about 1 microvolt, and 
as they are developed within the amplifier they prevent us Atom regording tissue 
changes of the same order of magnitude. Fortunately the slow potential 
waves are quite large enough to appear distinctly, and in many records they 
reaoh 10 microvolts or more. They may be seen without difficulty in fig. 6, 
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in whioh the upper record shows the effect of brushing the skin with cotton wool 
and the lower the effect of applying 2 per cent, aoetio acid on a fragment of 
filter paper. Owing to the difficulty of obtaining a suitable nerve of greater 
length than about 1 cm. the potential changes under the two electrodes are not 
distinctly separated, but some idea of the rate of conduction is given by the 
interval between the ascending and descending phases of each response. The 
responses fall into two distinct types, large excursions due to the rapid fibres 
in which the two phases succeed one another so quickly that the whole response 
is reduced to a thin vertical line, and small excursions whioh leave a much wider 
trace on the record. 

The different sensitivity of the slow and fast systems to mechanical stimula¬ 
tion can be seen very clearly in fig. 6 (Plate 3). To make this record the alrin 
was arranged on a rigid surface aud pressed with a vulcanite rod moved up by 
rack and pinion. For the first second the increasing pressure stimulates only 
the rapid system ; the slow system then comes into play and the record shows 
a confused medley of fast and slow ezoursions. Under a maintained pressure 
the discharge of rapid impulses declines after the first second to an occasional 
irregular firing, but the slow impulses continue without much reduction in 
frequency. Fig. 7 (Plate 4) show a result of the same kind, but in this case 
the rapid system had been partly put out of action by scraping the skin surface 
with a knife. This treatment gives a persistent discharge of slow impulses 
and causes a temporary failure of the rapid system which allows the activity 
of the slow fibres to be made out more clearly. In the lower record the scraped 
area of the skin was compressed in a screw clamp at the moment of recording. 
The discharge consists entirely of slow impulses—^rapid impulses due to touching 
another part of the leaqitive field are shown in the upper record for comparison. 
Fig. 8 (Plate 4) records the response to touch and to a prick with a fine needle, 
and fig. 9 (Plate 6) shows two records of the effect of holding a hot iron close 
to the skin. Here it will be seen that the slow fibres come into play before the 
rapid; indeed, the activity may be confined to the slow system alone if the 
heat is only applied for a short time. 

The distinction between the alow and rapid systems is clear enough, but the 
slow impulses do not all travel at the same rate. This may be seen from fig. 
10 (Plate 6), which gives a group of impulses set up by heavy pressure at the 
extreme edge of the receptive field where there are relatively few endings 
belonging to the nerve under examination. The fonn of the alow waves varies 
considerably and there is evidently a general parallelism between the rate of 
conduction and the magnitnde of the potential change in the different fibres, 
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ioT the KDoanest respoDses are those with the greatest separation between tiie 
two phases. Without a knowledge of the monophasic wave form we cannot 
make an accurate estimate of the rate of conduction, but other experiments 
have given values ranging from 0*3 to 2*6 metres a second. These are rough 
approximations and although a rate of 2*5 metres a second is well above 
the upper limit of Erlanger and Gasser’s slow C class (which conduct at 0*3- 
0-6 metres a second in the frog) the agreement is close enough if we take into 
account the great difference in methods and data. The difficulty of measuring 
the conduction rate accurately is enhanced by the onusual form of the potential 
waves. These are generally triphasic with the second phase much larger than 
the first, a form which is probably due to a branching of the nerve fibres on 
their way to the skin. 

It is interesting to find that the skin area supplied by the slow fibres corre¬ 
sponds fairly closely with that supplied by the rapid. There are occasionally 
wmAll patches at the margin of the receptive field which arc supplied by the 
slow fibres alone, but the boundaries of the two systems usually coincide to 
within 1 mm. There is, however, a great overlapping in the distribution of 
the fibres from different nerve trunks in the fre^ and any point on the skin of 
the back usually falls within the territory of at least two of the spinal nerves 
and of many cutaneous branches. The coincidence in the receptive fields for 
fast and slow fibres is found in the case of the internal saphenous nerve as well 
as the nerves of the back, though here also the field for the touch fibres overlaps 
that of other nerves. 

The Slow Fibre System in Relation to Pain, 

The kind of stimulation needed to excite the alow fibre system shows that 
it will only come into play in conditions which would give rise to pain, and the 
persiatence of the discharge for several minutes after a severe injury agrees 
with our experience of pain after injury to the skin. Erlanger and Gasser 
have shown that many of the alow fibres are sensory in that they enter the ooid 
byway of the dorsal roots. We may fairly conclude, therefore, that the znessagea 
in the slow fibre system will produce pain or its physiological aocompaniii||pt. 
It must be admitted that the evidence is indirect and that there may be mimy 
pitfalls in an argument which equates sensation in man with nervous dis¬ 
charges from the frog’s skin, for instance, it might seem possible that the 
slow fibres, which are probably non-medullated, form part of an afferent 
mechanism for sympathetic reflexes and make no appeal to the rest of the 
nervous system, ‘ But this at least can be ruled out, for if weak acid is applied 
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area from whioh the surface layers have been scraped away, the 
t-^^lSisoharge in the nerve is composed entirely of the slow impolsea; yet in the 
-^bramless frog this treatment gives rise to vigorous protective movements, 
to acti^^jr^ ojF the skeletal muscles and not merely to visceral reflexes. Thus 
system is undoubtedly concerned with protective reactions in 
which the ^^le body may be involved, dnd it is a reasonable conclusion that 
it must ^ concerned with pain as well. 

Ttf^does not follow that other kinds of fibre may not also give rise to pain, 
i^^indoed the very slow rate of conduction in these fibres makes it unlikely 
that they are the sole mechanism for protective reactions. Jolly (1928) has 
mea8Ufed>4lte reaction time for the flexion of the leg in a spinal frog when the 
is^^bituiilated by a hammer tap or a single induction shock. He gives a 
' time of 18 o at a temperature of 16"^ C.; the pathway from the foot 

spinal cord is about 8 cm. long and it would take about 80 o for a slow 
/^npuke to travel this distance. It is possible that the stimulation would not 
be painfuj^^that the pain might not be felt (assuming that the frog feels as 
we do) until after the reflex response had begun, but a frog would stand little 
./Chance oft^mvival if its protective reactions were all dependent on afferont 
mesitages whioh travel so slowly. 




Different Fibre Systems concerned with Pain. 

‘^'amco electric stimulation of mammalian nerves reveals a group of slow fibres 
’^hid^gm^nd with those in the frog, it may bo inferred provisionally that 
behaves in the same way in both animals, responding only to 
—"'^'stimulation and giving a persistent discharge after an injui}'. In the 
is no doubt that some pain reactions are caused by fibres 
1 the rapid “ A ” group and there is some evidence for this in the frog 
'Taking the evidence from the frog tmd the mammal together we 
i conclusion tliat more than one kind of nerve fibre must bo concerned; 
of them are probably non-medullated and conduct very slowly and 
peduUated and conducting rapidly, though none are as large or as 
'me fibres from the sensitive touch receptors. 

^t be admitted that the evidence for the slow system comes mainly 
frog and that for the rapid system mainly from the mammal. In 
bog there is nothing to correspond with the persistent activity which we 
flndA i the wmallBr medullated fibres of the mammal after deep injury,* and 

W^ndqg..tlttbneding do son penistent disoharges sometimes arise from the cut ends 
flfnMHflliie fros. 
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there is no clear aepaiation of the receptive ekin field into central and periphera 
sonee giving impnlses of different rate and eize. It must be admitted also that 
the evidence for the rapid system is concerned not so much with pain as with 
“ pain reactions ” or more strictly with the protective reflexes. These would 
belie their name if they had to depend on the slowest afferent nerve fibres in 
the body, but it is conceivable that the pain is, so to speak, an afterthought 
depending on an afferent 8)nitom of its own. Here we may fall back on evidence 
of an entirely different kind which has the merit of dealing with pain itself. 
It is the outcome of some ingenious experiments by Pi^ron (1929), designed to 
measure the rate of conduction of the pain pathway or pathways in mam 
His method was to stimulate the skin at different distances from the central 
nervous system and to determine the moment at which pain appeared. Three 
different forms of stimulus were used, pin prick, pinching with spring forceps, 
and immersion in very hot water; they were applied to the hand, the foot 
and the forehead, and the subject’s reaction times were measured in the usual 
way. Controls were arranged to ensure that the subject would react to the 
painful and not to the tactile element in the sensation, and the stimuli were 
adjusted to produce sensations as near alike as possible from the three regions. 
Considering the great difficulty of the experiment the results are in good 
agreement. It appears that the message which carries the pain of a pin prick 
travels at 16-20 metres a second ; that for “ burning travels at 4-6 metres, 
and that for pmching at 10-16 metres. These specific differences may depend 
in part on conduction in the pathways within the spinal cord. The range of 
values docs not agree with the conduction rate of either the A or the C group 
of nerve fibres, and although, as Pi&on points out, it docs agree with that of 
the B group, there is the difficulty that no fibres of this group have yet been 
shown to enter the sensory roots of the cord. But there is one result which 
stands out quite clearly, namely, that in every case the total reaction time is 
too short for the “ pain ” message to be carried by the very slow C fibres. 

The argument for different pain fibres would be more satisfactory if we 
had evidence from man to show that pain is also produced by fibres of the C 
group. As it is we have only the evidence that they exist in the Tnflmmftl and 
that they evoke pain reactions in the frog. But the rate of conduction of 4:-fi 
metres a second which Pi^ron finds for burning pain is by no means too high 
to be compared with that of some of the slow impulses in the frog, and on the 
whole we may safely accept the conclusion that there is no single afferent 
system either for pain reactions or for pain itself. 

This conclusion may seem a poor return for so lengthy on argument, an(l the 
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only excuse for the argument is that it brings together a number of facts which 
have a certain interest of their own. The facts are best left without farther 
comment, for though they invite speculation on such well-worn themes as the 
protopathic-epiozitio claasification it is clear that their range must be greatly 
extended before they can be built up into a coherent system. But there is one 
Une of thought which may be permissible if its speculative character bo granted. 
The feeling of pain can rise to such an intensity that it dominates the whole 
held of oonsoiousnessi yet it seems to depend on the smaller afferent fibres, 
some of them so small that their very existence has been disputed. The nerve 
fibres from the tactile receptors are large and conduct rapidly, yet the sensation 
of touch never rises to great intensity, in fact it can scarcely be said to vary in 
intensity at all. Both touch and pain are evoked by messages made up of 
brief impulses which do not vary in size; thus the intensity of the effect must 
depend on a summation of the changes caused by each impulse. Is it not 
possible, therefore, that the different character of the sensations of touch and 
pain may depend in part on a difference in the amount of summation which 
can occur in the two pathways ? 

It is at least fairly clear that in the pathway which intervenes between the 
touch receptors and the mind there is very little smoothing out of the discon¬ 
tinuous activity which we find in the peripheral nerves. A vibratmg stimulus 
gives a message which causes a fluctuating and not a steady sensation. The 
message consists of volleys of impulses discharged s^mchronously from a 
number of receptors and if the frequency is not too high we feel each volley as 
a separate event. There can be little inertia or momentum (to borrow 
Sherrington's phrase) in any part of the sensory pathway ; there can be little 
convergence either, for we localise a touch and when two points are touched 
simultaneously we feel two touches, not one of greater intensity. Thus the 
rapidity and the privacy of each pathway from the tactile receptors to the 
mind will prevent any summation of the effects due to each impulse and there 
will be little opportunity for the sensation to rise to great intensity. 

A summation of the effects of individual impulses must be supposed to take 
place whenever a change o£ impulse frequency is translated into a change of 
intensity, and the central nervous system offers many examples of both 
spatial and temporal summation, the one from the convergence of neurones on 
a emninon pathway and the other from the persistence of the effect left by 
each impulse. Convergence will favour the building up of an intense activity, 
but in a sensory pathway it wiQ do so at the expense of localisation, for the 
message must lose its individuality when it enters the common patL A slow 
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decline of the efEecta oontribnted by each impulse will favour intensity but 
will prevent very rapid change. We might expect then that poor localisation 
and a sbw rise and decline would characterise the sensation which can rise to 
the highest intensity and we find that both are well marked features of pain. 
It is true that the argument cannot be pressed very far. There are many 
kinds of pain, some of them fairly well localised and capable of fairly rapid 
fluctuation, and it cannot be maintained that the most intense are those with 
the poorest localisation and the slowest rise and fall. Indeed there are so 
many possible and actual difierences between one sensory pathway and another 
and so many ways in which intense activity might be produced that in the end 
we may find that the capacity for summation is an unimportant factor. It is, 
nevertheless, a fikotor which deserves consideration if only for the reason that 
it should be easily measurable. 

But I must recall the early regulations for the Croonian lecture which were 
framed to discourage vague and unsubstantial theories. I have now broken 
thorn and, 1 fear, to very little purpose. My excuse must be that speculation 
of this sort may serve to focus our attention on the relation between physical 
and mental events. Changes in the nervous system and in the mind belong 
to such different categories that, in the present state of our knowledge, any 
comparison may be futile. It is only too easy to forget the complexities on 
both sides, yet in the end the comparison must be attempted if we wish, even 
as physiologists, to understand the full effects of a discharge of impulses in a 
sensory nerve. 
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The Vascular Responses of the Eye. 

By P. M. Duke-Eldks and W. B. Duke-Eldeb, 

F^m the Department of Physiology and Biochemistry, University College. 

(Communicated by C. Lovatt Evans, F.R.S.—Received June 12, 1931.) 

[Plates 6, 7.] 

The inveatigationB described in this paper follow from the theory sponsored 
by one of us, that the aqueous humour is a dialysate of the blood and the 
vitreous body is a simple hydrophilic gel (1927, a and 1930), During the past 
four years a series of papers has been published defining the conditions govern¬ 
ing the maintenance and control of the intra-ocular pressure in the normal eye 
(1927, b, 1929,1931); the present paper is an attempt to carry these investiga¬ 
tions from the physiological to the pathological aspects of the subject. From 
our physiological work there emerges the hypothesis that pathological variations 
in the intra-ocular pressure may depend on two mechanismB : the one involving 
a vascular upset, and the other dependent upon physico-chemical changes in 
the vitreous body—and the clinical picture presented by glaucoma exhibits 
much that is confirmatory to this view. It is with the first of these possibilities 
that we are immediately concerned. 

In considering the possible causes of a vascular disturbance in the eye such 
as could be responsible for a rise (especially an acute rise) in the intra-ocular 
pressure, it appeared to us that a fruitful speculation might lie in the activity 
of a substance corresponding to the Il-substance which has been demonstrated 
by Lewis (1927) and his oo-workers to have so widespread and potent effects 
upon the vascular responses of the skin. By experiments on the intact dog 
and by the perfusion of the surviving head (Colie, Duke-Elder and Duke-Elder, 
1931) we have already shown that histamine has an effect on the vesseb of 
the eye siToilar to that already determined by Bum and Dale (1926) in the 
limbs; a dilatation of the minute vessels is associated with a constriction of 
the more central parts of the vascular tree; when the minute vessels have lost 
their tone the latter effect predominates, but in a normal state of tonicity the 
injeotioii of hiKtuTninfl into the circulating blood is associated with a maoro- 
soopioally visible vaso-dilatation of the capiUaries of the inner eye, an increase 
in the permeability of the capillary walls allowing an excess of colloids to appear 
in the aqueous humour, and ?nth a marked rise in the intra-ocular pressure. 

0 2 
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If a substance of this nature were produced pathologioally in the eye, we have 
to hand all the materials necessary to inaugurate an acute rise of tension. 

Two methods employed by Lewis (1927), one <A which he believes and the 
the other he supposes to produce the H-substanoe in the skin, were selected 
as being most easily applicable in the case of the eye; the method of stroking, 
and that of arrest of the circulation. In the experiments the intra-ocular 
pressure was registered by a manometer which combined in itself a oompensa- 
tciy mercury manometer and an optical manometer which has already been 
described in a previous publication (CoUe, Duke-Blder and Dnke-Slder, 1931); 
blood pressure was recorded in the femoral artery, the state of dilatation of the 
minute vessels on the iris was observed in the focal beam of a Gnllstrand slit- 
lamp ; the rate of blood-flow was correlated with records of the temperature 
in the anterior chamber taken by thermo-junctions and registered galvano- 
metrically; and the occurrence of an increase in the permeability of the 
capillaries was shown by the appearance of trypan blue upon the surboe of the 
iris and in the anterior chamber after its intra-venous injection. In the normal 
animal the capillaries of the eye are impermeable to this dye; it is only 
detected in the anterior chamber when the permeability of the minute vessels 
has been increased to a very definite degree, when the presence of a small 
amount in the anterior chamber is readily visible under the optical oonditions 
employed. In some of the e^qperiments cats were used under ether-ohloralose 
ansetbesia, and in others albino rabbits. 

Stroking ExperimenU. 

In the stroking experiments, after the animal had been injected intra¬ 
venously with trypan blue, the rAonnla. of the ocular manometer was inserted 
into the eye through the Umbus (at 3 o’clock ”) in such a way that its point 
lay over the iris at the opposite side of the anterior chamber (at " 9 o’clock ”). 
After the intra-ocular pressure had been equilibrated in the usual manner 
(CoUe, Duke-Elder and Duke-Elder, 1931) on the mercury manometer and 
the optical manometer was alone in communication with the eye, the quadrant 
of the iris from 7 to 11 o’oloock was steadily and firmly stroked with the end of 
the cannula six to twelve times. It was found possible to do this without any 
great immediate upset of the equilibrium of the intra-ocular pressure, and 
the experimmtal records could always be observed as regular events within 
1 minute after the oessatitm of stroking. Such a i«ooedure was followed by no 
appreciable alteration in the general blood-pressure with the exception that on 
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aeveral oooaaiotu a slight trauBient fall was observed; but in the eye the follow¬ 
ing changes were oonsistently involved. 

1. A dilatation of the small vessels is noted after a latent period of about 30 
seconds extending markedly over the area of the iris which has been stroked, 
and especially if the stroking has been firm, after a somewhat longer latent 
period, and occurring to a somewhat less marked extent, over the entire surface 
of the iris (fig. 1). 




Fio* l.^s) IHagram of tobmIs visible on im of normal albino rabbit. MC, major oircla 
of iris; C, small vessels (arteriolar) round pupillary margin, (b) Vessels visible on 
iris of normal albino rabbit after stroking the quadrant of the iris ab, 

2. An increased permeability of the minute vessels on the surface of the iris 
is denoted by the appearance of the violet colour of trypan blue, at first over 
the area stroked, and then to a less extent over the entire surface of the iris. 
It appears in 2 to 3 minutes after stimulation, and after 6 minutes the entire 
anterior chamber takes on a blue tinge, and finally the increase of proteins in 
the aqueous humour which has escaped from the permeable vessels may be 
sufiBcient to form a clot and block the cannula. 

3. A rise of temperature is recorded on the galvanometer after a latent period 
of approximately 60 seconds varying from 0-6^ C. to as much as 1 *6"* G. This 
f^llg slowly and gradually, its duration being somewhat variable, and lasting 
some 10 to 16 minutes. 

4. A wia-'vbna.l and constant constriction of the pupil becomes evident some 
30 seconds after stroking and persists indefinitely. 

0. A rise in the intra-ocular pressure is recorded, starting after a latent period 
of 2 to 3 minutes. It rises slowly and steadily reaching a maximum of 17 to 
30 Hg above the normal pressure after 10 to 16 minutes, after which it 
to fan slightly, never, however, reaching the normal level within the 
experimental time (fig. 2, Plate 6). 
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A farther Miies of experiments investigated the extent to which this reaction 
would repeat itself. If the initial stimulation was small, and the resultant 
response was feeble, as jadged by the transudation of dye and the rise in the 
intra-ocular pTessore, a second more powerful stimulation succeeding the first 
after an interval of 10 to 30 minutes produced a further rise in the pressure of 
the eye and a greater transudation of dye. But if the initial stimulus was 
considerable so that the response attained reasonable dimensions, any repetition 
of the stimulus, while inducing a further vaso-dilatation of the vessels, was 
found to be completely ineffective in increasing the transudation of dye and 
raised the intra-ocular pressure by only a slight amount. This phase of refrao- 
tiveneas was found to persist over the longest experimental periods investigated 
—over on hour and a half. 

A second point of interest which was elicited in experiments subsequent to 
the occurrence of a well-marked reaction was the action of adrenaline injected 
into the blood stream. We have already shown that in a normal animal an 
injection of 0-1 c.c. of 1 in 1000 adrenaline produces a local vaso-constriotlon 
in the eye sufficient to present a barrier which prohibits the rise of general 
blood pressure from becoming effective in raising the intra-ocular pressure. 
In these oircumstances, therefore, we obtained a rise in the general arterial 
pressure as measured in the contra-lateral carotid and a fall in the intra-ocular 
pressure. After a well-marked stroking response had been elicited, however, 
such a fall in the pressure of the eye could never be obtained, but the tracing 

of the intra-ocular pressure followed passively 
the changes in the general blood pressure (fig. 3, 
Plate 6). 

A similar series of experiments was conducted 
after 2 per cent, cocaine solution had been in¬ 
stilled into the conjunctival sac in drops at 
2-minute intervals for about half-an-hour. Such 
a procedure allows sufficient of the drug to per¬ 
meate into the anterior chamber to effect anies- 
thetisation. On repeating the stroking in these 
conditions a very modified response was ob¬ 
tained. Hypemmia was noted <mly over the 
area stroked while the remainder of the iris retained its normal appearance 
(fig. 4). The increased permeability of the vessels was also ocmfined to this 
area, and the blue cokmr was limited to the one quadrant (rf the iris and 
never tinted the aqueous humour. The pupil constricted as before, but 



Fio. 4.—Veneb on iris after 
■ticking the quadrant a6 after 
nocainitatinn (albino rabbit). 
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the rise of intra-oonlar pressure was alight in comparison with the previous 
TBiiation, amounting only to 2 to 3 nun. Hg and falling back to approach the 
normal level in a few minutes’ time (fig. 5, Plate 7). 

Apparently, therefore, we are dealing with two types of response, one of 
which is local in distribution and is independent of nervous activity, and the 
other of which is general in distribution and takes place only when the nerves 
are allowed to function. The suggestion at once -presents itself that we are 
dealing with an azon reflex mediated by the trigeminal similar to those described 
by Bruoe (1910) in the conjunctiva. To section this nerve and allow it to 
degenerate and at the same time to leave the intra-ocular blood supply intact 
is a procedure involving considerable technical difficulties ; but that this axon 
reflex is a possibility is shown by the effects of sensory stimulation of the cornea. 
On scratching this tissue with the point of a noodle the same reaction results 
although to a very much less degree than on injuring the iris. The occurrence 
of this reaction, and its complete absence after anaosthetising the cornea with 
cocaine, demonstrates the participation of the Vth nerve in the response since 
branches from this nerve only are found in this tissue. 

Occlusion Experiments, 

A complete cessation of the ooular circulation is easy to bring about by raising 
the pressure in the eye to a height above that in the ophthalmic artery. This 
was carried out and the resultant effects analysed by the apparatus seen in 
fig. 6. A cannula (A) leading into a glass chamber (B) the distal end of which 
was closed by a membrane (M) carrying a mirror, formed an optical manometer 
recording the variations in the intra-ocular pressure by a beam of light from a 
source (L) on a camera (G). This connected by tubing (D) to a four-way tube, 
the other three branches of which connected with a horuontal graduated 
capillary (E), a saline reservoir (F), and a mercury manometer (G) with a 
mercury reservoir (H). On the distal end of the capillary (E) was a pressure 
syringe (K) accurately controlled by a screw piston, and a small HUitle’s 
manometer (M'). The saline reservoir (F) was raised until the anticipated 
height of the intra-ocular pressure was registered on the manometer (Q), 
and with the saline running from the cannula, it was inserted into the eye. 
The tap N was then closed and 0 was opened and the intra-ooular pressure was 
equilibrated by maintaining an air-bubble in the tube E in a constant position 
by manipulating the syringe K. After equilibrium had been established and 
the pressure noted, the tap P was shut off and the normal intra-ooular pressure 
recorded optically. The tap R was then closed and the reservoir H was raised 
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imtil tlie maaometer regutered a pcesnue of appioiiiiiatdy 200 mm. Hg. 
Vnth N and 0 oloeed, B and P were then opened ao that the pnemm in t3ie 
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eye was laised to approziniately 200 mm. Hg; that it was maintained at 
approximately this level was verified by a record from the optical manometer. 
The tap F was then oloeed retaining this preasoie in the eye and the cannula, 
and the reservoir H was lowered until the numometer recorded the normal 
intra-ocular pressure. After the pressure in the eye had been maintained at 
this high level for the required length of time, the tap F was opened, whereupon 
the chamber of the eye, oommunioating again with the manometer G, assumed 
approximately its original (nonnal) pressure. This was rapidly equilibrated 
with the air-bubble in E; F was then dosed, and subsequent events were 
observed and reoimled optically. 

In a series of experiments in which superimposed comparative readings were 
desired, the optical manometer was eliminated and the cannula put into direct 
communication with the tube Ei. The same technique was then carried out, 
but the intra-ocular pressure was recorded by the Hfirtle’s manmneter on the 
kymograph S. 

Occlusion of the circulation brought about a series of ^enomena m"*'!*!* in 
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nature to those obeemd vith etioking but much more aooeQtusted in degree. 
Within SO aeotmdi after the ciioulation had been allowed to resume, the veasds 
in the iris were observed to be mazunally dilated, the amplitude of the pulse 
recorded in the traomg became greater, the appearance of trypan blue over the 
surface of the iris and in the anterior chamber gave evideitoe of a markedly 
increased permeability of the oapillaries, which after a considerable oooIubmhi 
was so pronounced that the dye penetrated into the glass chamber of the 
optical manometer. An increase of blood flow was indicated by a rise of 
temperature in the anterior chamber of 1° to 2° C., the pupil constricted 
majdmally, and after 1 to 3 minutes the intra-ocular pressure rose sharply 
as indicated by the optical numometer (fig. 7, Plate 7). The rise of pressure 
was rapid and for some time after its establishment the amplitude of the pulse 
was increased; but at a later stage, although the increase in pressure was 
maintained, the amplitude of the pulse declined. In those experiments in 
which the initial occlusion had been maintained for periods over 60 seconds 
(1 to 4 minutes) the intra-ocular pressure tended to remain high or even to 
increase indefinitely. Again in such experiments the same phenomena of 
refraotivenesB and unresponsiveness were evident, for any repetition after a 
fully developed reaction which involved a marked alteration in the capillary 
permeability produced no marked rite in the pressure of the eye, while no 
vaso-oonstriotion followed the injection of adrenaline. The significant 
difierenoe was noted, however, that occluiuon of the circulation after the 
thorough instillation of cocaine was followed by the same train of events 
modified not in kind but less marked only in degree. 

Diseiusion. 

It is impossible to examine these experimental results without comparing 
them with the triple response obtained by Lewis (1927) in similar circumstances 
in the ddn. With only minor modifications the two series of phenomena run 
along parallel lines, and these modifications depend directly upon local condi¬ 
tions. In «Muring the niAaning of the records of the intra-oonlar pressure, it 
is to be borne in mind that a local capillary dilatation will have little effect, 
for any increase in the volume of the contents of the globe occasioned by the 
capillary dilatation will be immediately compensated by the expression of intra¬ 
ocular fluid throngb the safety-valve of the canal of Sohlemm (Duke-Elder, 
1926). It is important to remember, however, that this applies only to the 
normal eye; in an ^e predisposed to glaucoma wherein the exit dhannels are 
j pa/Bcient, sucfa an increase of volume would necessarily be reflected in an 



26 


P. M. Duke-Elder and W. S. Duke-Elder. 


inarease of intra-ocakr preoBiue. A dilatation of the arteriolea, on the other 
hand, ie made manifest by a oonaideiable rise in the pnsaiin ol the eye sinoe 
this lauee the level of the blood pTeasore in the oapillariea, while an ezndatioiL 
of plaamoid aqueona into the anterior chamber has a aimilar, althou^ slower, 
efleot by raising the colloid oamotio preasure of the aqueous humour to cwre- 
apond more closely with that of the blood; suoh an exudation raises the 
equilibrium preasure level which is fixed by the difference between the oamotio 
pressure of the plasma and the aqueous humour on the one hand, and the 
oapillary blood pressure on the other (Duke-Elder, 1027, a, 1929, 1931). It 
is noteworthy that such a rise wiU be permanent (within the limits of the 
experimental time) and that so long as an abnormal quantity of colloid material 
remains in the chambers of the eye, the intra-ocular pressure will remain 
abnormally high, even although the vaso-motor reaction baa subsided. In 
the first series of experiments wherein the stroke was employed as a atimulus, 
the local dilatation of the minute vessels of the iris corresponds to the local red 
reaction on the slriTi ; the increased penneabfiity of the veaaels with the 
formation of a protein-rich plasmoid aqueous humour oorreeponds to the wheal; 
and the general dilatation of the vessels obtained on firm stroking, which is 
abolished when the sensory nerves have been thrown out of action with 
cocaine, corresponds to the spreading dilatatim of the stronger arterioles 
which is mediated by antidromic nervous activity and which Lewis calls the 
flare. 

In a similar manner the analogy between the effects of circulatory arrest 
as seen in the eye and in a limb (Lewis, 1927) is very close. There is a dilatation 
of the vessels with an increased permeability, the occurrence of which is 
independent of nervous activity, but which is more pronounced when the 
nerve supply is functionally unimpaired. On the whole the eye of the oat 
appears to be more sensitive than the human aldn. In the latter Lewis and 
Grant found that while a circulatory arrest of 6 seconds produced a just 
perceptible volume response in the limb, after an arrest of 1 minute the visible 
reddening of the sldn was still faint, and it requited an arrest of 10 to 16 
minutes before the response was maximal. In the eye, however, the response 
after 30 seconds’ occlusion of the arteries is very marked, and is maximal after 
a duration of 1 minate, after which interval “ wheeling ” is very apparent. 
In both cases also the phenomena of unresponaveness and refract i veaees ore 
evident, whereby in the first case the oontmotile mechanism appears to be 
thrown out so-that the minute vessels do not oontraot under the influence of 
adrenaline, while in the seocmd case no inoteeae in permeability can be obtained 
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after the phenomenon of ** whealing ” has been well established. In these 
latter experiments a repetition of the stimulus brought about only a sanM rise 
in the tension of the eye such as could be due to an increased vaso-dilatation 
without the intervention of increased permeability. 

In his work upon this subject as shown by the vessels of the sldn, it will be 
remembered that Lewis (1927) deduced that the triple response was due to the 
liberation of an H-substance having the physiological properties of histamine 
which was already normally present in the tissues. The ooourrenoe of a slight 
fall in the arterial blood pressure, the constant development of extreme miosu 
in every experiment, and the close parallelism of the results obtained are 
suggestive evidence that some histamine-like substance is concerned in the 
present reactions. A very interesting point is the demonstration that the 
complete triple response may occur in an internal organ. While the local red 
reaction oan be elicited on the surface of such internal organs as the liver and 
spleen in animals (Ebbeoke, 1917 ; Dale and Richards, 1918; Lewis, 1927) or 
the brain (Florey, 1926), Ebbeoke states that the flare is absent from the surface 
reactions of the viscera and has claimed it to be peculiar to superficial structures 
such as the skin and conjunctiva. It would appear, therefore, that not only 
is the eye exceptional in this respect but that this response is even more easily 
didted and more marked than in the skin, a peculiarity which can be explained 
by the occurrence in this organ of axon reflexes which govern the behaviour 
of its vascular elements. It is well known that the entire uveal tract is plenti¬ 
fully supplied by a nervous network richly interspersed with ganglion cells, 
and it is upon this basis that the present responses presumably rest. A clinioal 
corroboration of the activity of such a mechanism is perhaps to be found in 
the profound effects produced by herpes ophthalmicus not only upon the super¬ 
ficial tissues of the eye but upon tlie uveal tract; elsewhere in the body herpetio 
lesions occur only in epidermal tissues, and it would seem probable that tlie 
severe and intractable iritis which accompanies the disease is directly dependent 
upon the influence of the trigeminal nerve exerted antidromically upon the 
intra-oculor tissues. Finally, the acute vascular crises associated with an 
increased permeability of the intra-ocular vessels and with the destructive 
rise of pressoie which ohaiaoterises acute glaucoma finds a possible explanation 
in the ooDsequenoes of the liberation of an H-substance. 

Canchuiofu. 

Injury of the iris by stroking or the saspension of the intra-ooulsr 
circulation produces a typical triple response similar in its main oharaoteristios 
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to that ooouiiiag in the skin oe ooDjiinctiTa. Suoh a teaponae appeaia to bo 
abaent in other internal organa. It ia oompoaed of:— 

(1) A local dilatation of the minute voBaela; 

(2) An inoreaaed permeability of the capillary walla; 

(S) A widespread dilatation of the arteiiolea of the uveal traot. 

The first two of these reactions are independent of the activity of the aenaoty 
nerves and appear to be due to the local effects of the liberation of an 
H-substance in the tissues; the last is directly dependent upon the adequate 
functioning of the fifth nerve and appears to be dependent upon an axon reflex. 

These responses produce a rise in the intra-ocular pressure and may fonn a 
factor in the aetiology of certain cases of glaucoma; they may also form a baaia 
for some of the manifestations of herpes in the inner eye. 

We have much pleasure in expressing our indebtedness to Professor Lovatt 
Evans and Dr. H. H. Dale for their advice in these researches; and to the 
Medical Research Council for defraying the necessary expenses by a grant. 


KEFERENCES. 

Bnioe. A. N, (1010). 'Arch, franc. Path, exp./ vol. 68» p. 424. 

Bum, J. H., and Dale, H. H. (1026). * J. PhydoL/ vol. 61. p. 186. 

OoUe, J., Duke-Elder, P. M., and Duke-Elder, W. S. (1031). ' J. Phydol.,’ voL 71, p. 1. 
Dale, H. U., and Rjchards, A N. (1018). ' J. Physiol,* voL 53, p. 110. 

Duke-EIdWi W. 8. (1026, a). ' J, Physiol.,’ voL 01, p. 400. 

-(1016, b). ‘ J. Physiol.,’ vol. 03, p. 1. 

-(1027, o). ■ Brit. J. OphthaL,’ Supp. IH. 

-(1027,6). ' J. Physiol,’ vol. 04. p. 78. 

-(1020).' ‘ Brit. J. OphthaL,’ voL lA p. 886. 

-(1080). ' I'rans. OphthaL Soo.,’ vol. 40, p. 83. 

-(1030). ‘ Brit. J. Ophthal.,’ Supp. IV. 

-(1031). ‘ J. Physiol.,' voL 71, p. 1. 

Ebbeoke, U. (1017). ' Arch. Oea. PhysioL,’ voL 100, p. 1. 

Florey, H. (1026). ‘ Brain,’ voL 40, p. 43. 

Lewis, T. (1027). “ The Blood Vessels of the Homan Skin and their Responses.” 



29 


547 • 963 . 4 : 535 .343-3 

The Absorjdion Spedrum of the Component c of Cytochrome. 

By M. Dixon, So.D., B. Hill,* and D. Kbilin, F.B.S. 

(From the Bloohemioal Laboratory, and the Moheno Institute, Cambridge.) 

(Beceiyed June 25,1231.) 

The oomponent c of oytoohiome, unlike the other intraoellular luematin 
oompoundB, can readily be extracted and obtained in soluticm in a form suitable 
for spectroscopic examination (Keilin, 1930). No quantitative measurements 
on the extracted pigment have yet been published. Euler (1927) has carried 
out measurements on a number of yeast extracts containing cytochrome c, but 
these contained other hsematin compounds in addition. The present paper 
describes the results obtained with the spectroscopically pure pigment extracted 
from yeast. 

The solutions of cytochrome c used in this work were prepared from Delft 
bakers’ yeast by the method previously described (Keilin, 1930), which yields 
solutions free from other hamatin cmnpounds. The protein was removed as 
^ as possible by precipitation with sulphur dioxide while the cytochrome was 
still in the reduced form, and the cytochrome was finally precipitated in the 
oxidised form with the last fraction of protein. This precipitate, after thOTouf^ 
washing with water, was dissolved in the minimum quantity of alkali and 
suitably diluted. The resulting solutions had a j>h of between 7*2 and 7*6. 
In these solutioDS the cytochrome was mainly in the oxidised form, but a email 
amount of reduced cytochrome was present. The cytochrome concentration 
was estimated by reduction and comparison with standard tubes containing 
pyridine mesohesmoohromogen, and the values agreed well with those obtained 
by estimation of iron content (see Hill and Keilin, 1930). It was estimated 
that the content of hflematin (present as cytochrome) was about 1*3 per cent, 
of the total solids present, the remamder being mamly protein. It is important 
to note that the cytochrome solutions were non-autoxidisable and did not 
oombine with carbon monoxide, ».e., they consisted of true unmodified com¬ 
ponent 0 of cytochrome. 

In order to obtain the ultra-violet absorption qwctrum of the reduced form a 
amount of a neutral solution of cysteine was added to the sohitiona. 
Sodium hydrosulphite cannot be used as the reducing agent, on account of its 
very strong absorption in the ultra-violet r^ion. Cysteine is free from this 

* Beit BCemoriai Besearoh Fellow. 
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objection. A short time after the addition of oyateine the < 7 toohr<«iie waa 
completely reduced, as shown by comparison with a sample of the same 
solution reduced with hydrosulphite. The curve shown in fig. 1 was obtained 
with such a solution. 



Fio. 1.—Absorptioii Bpeetrum of reduced oytoohrome e. Ordinate—absorption ooeffioient 
per gram atom of oytoohrome iron. Absoiasa—wave-length in An^itrOm units. 


For the absorption spectrum in the visible region there is no objection to 
the use of hydrosulphite, and it was accordingly used to obtain the curve shown 
in fig. 3. 

As already stated, the initial oytoohrome solutions were almost entirely m 
the oxidised form, but it was necessary to use a solution free from the reduced 
form in order to obtain the spectrum of the oxidised form. For this purpose 
an amount of alkali was added to the solution just sufficient to make the (^io- 
chrome autoxidiBable (Keilin, 1930) and on shaking with air a solution was 
immediately obtained which showed no trace of the a-band of the reduced 
form. On reneutralisation, the cytochrome once more became non-autoxidiaable 
and incapable of combining with carbon monoxidet showing that it had not 
been irreverably modified by the action of the alkali. Such solutions were used 
to obtain the curves shown in figs. 2 and 4. 

The nltra-vi(fiet absorption spectra (figs. 1 and 2) were obtained with a 
Hilger quarts speottogtaph with a rotating sector photonleter, uring a 
■park as the source of light. The oontnfi tube ocmtained water only. The 
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wave-length scale was aoouratelj adjusted by lines of known wave-length 
ihrooghout the niokel speotrum. 

The spectrum in the visible region was investigated in more detail usiilg a 
Hilger Nutting spectrophotometer, which was likewise carefully calibrated., 
Figs. 2 and 4 were obtained by this means. 



Fig, 2. —Abaorption speotrum of oxidised oytoohrome c. Ordinate—absorption coofHeient 
per gram atom of oytoohrome iron. Absotasa—^wave-length in AngstrOm units. 


In all the figures (except fig. 6) the absorption coefficient ’’ is defined as 


cd I 


where o = concentration of cytochrome in gram-atoms of iron per cubic 
centimetre, d = length of tube in centimetre and and 1 are the intensities 
of the incident and transmitted light respectively. 

The main feature in the cytochrome spectrum iS the intense absorption band 
in the extreme violet, oharaoteristio of hsmatin compounds. The intensity 
of this band agrees closely with values obtained by other workers for other 
hmmatin campounds (see Hicks and Holden, 1929; Warburg, Negelein 
and Christian, 1929), and seems to be approximately the same for the reduced 
oxidised forms of oytoohrome. The position of this band is riightly 
difierent in the oxidised and reduced forms, redaction causing a slight but 
definite shift towards the red end of the spectrum. The maximum absorption 
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Fiq. 3.—^Absorption speotnim of reduced oytoohrome c in the visible region. Ordinate— 
absorption coefiSioleat per gram atom of oytoohrome iimi. Absoiasa—wave-length in 
An^rtidm units. 


oconiB in the reduced form at approximatdy 4160 A., and in the oaidiaed form 
at approzimately 4070 A. 

Both this band and the a-band of the reduced form at 5500 A. ate ample 
bands; the ^-band of the reduced loim at 5200A. is howeTer, composite, 
as shown in the curve of fig. 3. This can also be clearly seen with a direct- 
vision speotroecope. 

On oxidation, the sharp a- and ^-bands of the reduced form disappear, and 
are replaced by a much more diffuse band in the region of 6800 A., as shown in 
fig. 4. In a direct-vision q>eotrosoope of small dispersion a weak band is aliip 
visible at about 6630 A., the appearance resembling the spectrum d pata- 
hamatin compounds. It seems, however, that this band is too feeble to show 
np (HI the qpectrophot<Hnetric curve. 

It wiD be noticed in figs, 1 and 2 that tiiere ate indioatioiiis of a farther band 
in the ultra-violet at about 2600 A. This, however, like the general abeorption 
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b^and 3800 A., u probably not due to oytoohrome itself, but to the other 
■ubBtanoeB unavoidably preeent in the preparationa. In order to see whether 
it was due to the yeast protein, which is the chief impurity in the Bolations, 
we determined the absorption of the protein which was obtained in the 
punfioation of oytoohrome by precipitation with sulphur dioxide. This 
precipitate after washing was dissolved by the addition of alkali in the same 
way as the oytoohrome-containing precipitate. It was surprisingly free from 



Fxo. 4.—^Absorption speotnun of oxidised oytoohrome c in the visible region. Ordinste— 
abeorptioQ ooeffiment per gram atom of oytoohrome iron. Absoiasa—wave-length in 
XnffsMm units, 

oytoohrome ; even in strong solution no trace of the intense band at 4100 A. 
could be detected in any of the plates. The results obtained are shown in 
fig. 6. It win be seen that there is a marked absorption band at about 2600 A., 
in the position therefore as that indicated in figs. 1 and 2. This appeared 
to diow that the latter band was due to the protein contained in the oyto- 
chrome preparations. It seems, however, that it is not due to the protein 
itself; for if cme compares a solution of the oytoohrome preparation with a 
solution containing the same amount of the oytoohrome-free protein one finds 
VOL. oix.— B. D 


84 Abso/rpfio/n Spectrum of Component c of Cytochrome. 

that tile band at 2600 A. in the latter oaae ia about 10 timea more intenaa than 
in the < 7 toohrome preparation. This vrill be dear from a oompariaon of the 
data of figs. 1 and 6, for the oytoohrome prepaiations oontained 1*86 x 10~* g. 



Fio, 5.—Absorption apeotmm of oytoohrome-free protaiii fraotion. Ordinate-HilMoiption 
coefficient per gram of protein. Abaciua—wave-kngth in IngriaOm unite. 


atoms of cytochrome iron per gram of protein. It follows that the substanoe 
which is responsible for the band is present in mnch greater amount in the 
protein fractions first precipitated than in those predpitated with oytoohrome. 
That yeast contains a non*protein substance giving this band is shown by the 
fact that we obtained in oonjonction with Dr. Ouha a onrve almost identical 
with that of fig. 5 with a protein-free preparation obtained from yeast (see 
Oahsi 1931) 
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The Oxidation of Hcemoglobin to MtthcBmoglobin by Oxygen. 

By J. Bbookb (Food Investigation Board of the Department of Sdentlfio 
and InduBtrial Besearoh, and Low Temperatuie Beaeaieh Station, 
(Tambridge), 

(Commimioated by Sir William Hardy, F.B.S.—Received July 7, 1931.) 

It has long been known that methsBmoglobin is slowly formed in solntions 
of hemoglobin containing dissolved oxygen but the rate of oxidation has not 
been measured. With the recent analytical methods of van Slyke and of 
Conant it is possible to determine whether the decrease in concentration of 
hsMnoglobm is due wholly to the formation of methfiemoglobin or partly, as 
has been suggested, to other reactions, denaturation and inactivation. 
The present paper describes measurements of the rate of oxidation at a constant 
pressure of oxygen using laked blood diluted in phosphate buffers. 

Material and Methods. 

Blood .—^Fresh ox-blood was dehbrinated by shaking with glass beads and 
laked by repeated freezing and thawing. This stock solution was kept at 
—20^ C. and thawed when required. Centrifuging did not alter the concen¬ 
tration of pigment nor did removal of cell fragments by this method change the 
subsequent rate of oxidation. 

Buffer Mixtures .—^The K,HP 04 -KH ^04 buffer mixtures of Cohn (1927) 
were used. Potassium di-hydrogen phosphate (A.B.) was recrystallised three 
times, the solution of KOH (A.B.) contained a negligible amount of carbonate. 
The mixtures were prepared from stock solutions of 1 '5 M. KH 4 PO 4 and 4 * 16 
M. KOH, the necessary amounts* were token to give the desired ratio 
[HP 04 -]/[H*P 04 “] and the desired concentration of total phosphate after 
dilation to a given volume with water and a measured volume of laked blood. 
The Ph oi mixtures at 25° C. and 15° C. was obtained from Cohn's data 
at 18° C. assuming a temperature correction of —0*03 pQ for an increase of 
10 ° C, The mixtures were heavily buffered, the usual concentration of total 
phosphate was 0 * 2 M. 

The phosphate solution, water and blood, were brought to the desired 
temperatuie before mixing. The mixture was placed in a shallow glass vessel 


* Caloulsted from the equation KH4PO4 KOH-^ K4HPO4 -|- H4O. 

D 2 
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moving slowly to and fro (60 times per minute, amplitude 6 cm.) and a constant 
concentration of dissolved oxygen maintained by passing a slow cnnent of 
air over the solution. The gas was first passed through wash-bottles contain¬ 
ing a solution of similar phosphate composition to that in the reaction vessel. 
Inorease in the rate of shaking or the rate of air-passage did not change the 
rate of oxidation. Coating the inside of the reaction vessel with paraffin 
wax had no influence on the rate. 

Toluene was used as a preservative. There is evidence (v.t.) that toluene 
does not alter the rate of oxidation unless liquid tcduene is present as such 
in COTsiderable amounts. The phosphate scdution and water were saturated 
with toluene and after mixing with the blood one drop of toluene per 60 o.o. 
of mixture was added. Saturation with tcduene was maintained by passing 
the current of moist air through two wash-bottles containing toluene. 

The whole apparatus was contained in a constant temperature room 
(± 0'016‘ C.). Portions of the blood solution were withdrawn at intervals 
and analysed immediately or rapidly frozen at — 20° C. and analysed later. 
The initial concentration of pigments was determined by analysing a duplicate 
mixture (Ph 7*00) prepared by adding the blood to water and phosphate 
solution at 0° C. at the beginning of the experiment. The oomposition of the 
mixture, kept at 0° G., did itot alter during the time required for analysis. 

Melhoda of Analysis .—^The " constant-volume ” apparatus of van Slyks and 
Keill (1924) was used. The graduations on the gas-chamber were calibrated 
by weighing the mercury contained between them. As the blood solutions 
were rather dilute the 0-6 o.c. graduation was usuaUy used in the analysis. 
When the concentration of pigment was small 6-0 o.o. blood solution were 
analysed, in other cases 2-0 o.o. 

The determination of methsemoglobin in the presence of other hssmoglobin 
derivatives, e.g., denatured hssmoglobin (cathsemoglobin) and hsematin, depends 
on the different properties of the reduction products. Methsemoglobin and 
oathsemoglobin do not oombine with O, or 00. Methsemoglobin on reduction 
gives hsemoglobin which combines reversibly with Os and CO, oathsBmoglobi]i 
gives hsemochromogen which combines reversibly with CO but not with Og. 
Hsematin behaves in the same way sw oathsemo^olnn. Three values therefore 
may be obtained as follows:— 

(a) Hssmoglobin—^the CO-combining capacity by the method of vstn Slyke 
and Hiller (1928). 

(b) Total pigment—the CO-combining capstoity idter reduction with sodium 

hydiosulphite by the method of van l^yke and Hiller (1929). 
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(o) Undeaataied pigment-^ Og-oombiiuiig capacity after ledoctifni with 
titamoiu tartrate by the method of Oonant, Scott and Oooglan (1928). 

The ooru^tratioa of unchanged hfsmoglobin ia given by (a), the methomo- 
globin ooncentratioD by (o)-(a), and the concentration of oathaainoglobin and 
hamatin by (6Ho)- 

It was found that within the limits of experimental error the values of total 
and undenatured pigment did not change during the ooune of the reaotkm. 
Under the present conditions therefore the oxidatiim of hmnoglobin to 
methamoglobin is the only detectable reaction. If inactive hnmog^obin 
{<f. Forbes and Houghton, 1931) and denatured haemogbbin are formed it is 
only to a slight extent. 

Results are given in volumes per cent., ».e., cubic centimetres CO or Og 
(0° G., 760 mm. Eg) combined with or liberated from the pigment ctmtained 
in 100 o.c. solution. It is necessary to apply a correction (van Slyke and 
Neill, 1924) which includes the physically dissolved GO or 0^ in the solutimis. 
The correction is determined by repeating the analysis but substituting for the 
blood solution an equal volume of a solution of the same phosphate composi¬ 
tion.* It is assumed that the solubility of CO or 0, is the same in this 
solution as m the blood solution and that the corrected value gives the 
volume of gas combined with the pigment. The correction is large, especially 
in the case of total and of undenatured pigment but it can be determined 
accurately. 

The agreement between duplicate analyBes was within (a) 0*07 vols. per 
cent., (6) 0*10 vols. per cent., (c) 0*13 vols. per cent. In the case of (e) cate 
was required to obtain this agreement; it was essential that the time taken for 
each step should be the same in difEerent determinations. 

An analyais of fresh blood is given below Fresh, defibrinated blood was 
UlmH with water, diluted in a buffer mixture at 0° C. and kept at thistempera- 
tnxe daring analysis. 

26 0 . 0 . blood in 100 o.c. mixture 
0 ■ 2 M. total phosphate 
Ph(18“C.)7*66. 

(а) Hemoglobin, 4*46, 4*41; mean 4*43 vols. per cent. 

(б) Total pigment, 4*39,4*46; mean 4*43 vols. per cent. 

(c) Undenatured pigment, 4*46, 4*46; mean 4*46 vole, per cent. 

* Ih the ooneotion for analyris (e) the addMoa of tttanone tartrate to the 

solution, eqnlUbcatioa with oxygen and an^ysb were repeated. 
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The lunil •greement between total and undeoatoied pigment was within 
0 * 1 vols. per cent. 

The Rate cf Oxidation at 25° C. 

TaUe I gives the results of two experiments at 26° C. with the same stock 
so lution of blood. In this and other experiments the determinations were 
drnie in duplicate, the mean values are given below. Times were reckoned 
from the time of miTing buffer and blood to the mid-time between two analyses. 
As the reaction was slow the time taken (6 minutes) to transfer the solution to 
the analysis chamber was negligible; during the time between duplicate 
analyses (about 36 minutes) the change in concentration of hsemo^obin was 
very small or negligible. 

Table I.—100 c.c. mixture contains 20 o.c. blood, 0*2 M. total 
phosphate, 26° C. 


Experiment 1. 


Pb‘ 

Time. 

tTmmriftglnhin. 

Jogl. (» — *)• 


boon 

voli. per cent. 


5-70 

0 

8-27 

2-000 



1-74 

1-726 


24 

118 

1-557 


89 

0*02 

1*202 

6 29 

0 

3-27 

3-000 


191 

334 

1*855 


40* 

153 

1-670 


63 

U-93 

1-454 


87 

0 51 

1108 

667 

0 

3-27 

2-000 


181 

2-59 

1-890 



2-04 

1-795 


64 

1-49 

1-650 


88 

1-14 

1-542 


136 

0-62 

1-278 

704 

0 

3-27 

2-000 


21 

2-76 

1-926 


43 

2-31 

1-840 


65 

2-12 

1-812 


89 

1-81 

1-748 


137 

1-14 

1-542 


Ph* 

Time. 

Totel pigment. 

Undenetured pigment. 


houn 

vob. per cent. 

vole, per cent. 


0 

3-88 

8-70 

5-70 

46 

8-88 

8-80 

6-30 

94 

3-75 

8-85 

6*67 

142 

8-89 

8-00 

7-04 

142 

8-80 

8-86 
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Table I—(continued). 


Experiment 2. 


J*H- 

1 Time. 

Hamoglohixi. 

l«»gw (*-*)• 


hoars 

voli. per cent. 


S'70 

0 

315 

2 000 


12 

1 92 

1-785 


m 

0*07 

1-328 

6-se 

■■■pllllH 

316 

2 000 

1 


2-45 

1-891 



153 

1-086 


1 

0-89 

1-451 

6*67 

0 

3*15 

2-000 



2-05 

1-926 


fll 

1-66 

1-096 

704 



2-000 



2-78 

1-946 



1*90 

1-7S1 


90 

1*47 

1-009 



Time. 

Total pigment. 

Undonaf ared pigment. 


1 

hours 

0 1 

vols. per cent. 

3-83 

Tola, per cent. 

3-70 

6-70 

43 

3-86 

3-80 

0-39 

92 1 

— 

3-75 

6-07 

85 

3-89 

3*86 

7-04 

100 


3*90 


The concentratioix of methfiBinoglobm in tho stock solution of laked blood 
had inoreafled slightly in the interval between the two experiments, probably 
during the various thawings, etc. 

There is no trend in the values of total and undenatured pigment during 
the reaction at each pa- oxidation is therefore given by the change 

in (xmoentration of haamoglohin. The last column of Table I gives the 
logarithm of the percentage of unchanged heeinoglobin. These values are 
plotted against rimA in fig. 1, there is good agreement between the two experi* 
ments. The linear relation between logio(a —x) and t suggests that the 
reaction at a oonstant pressure of oxygen is monomoleoular with respect to 
the hflBiDOglobin conoentiation. The deviation of several of the points is 
probably due to experimental error, except perhaps at 6-7. 

The rate of oxidatiou was xneasuted twice at pn 6-29 varying the initial 
cooLoentratioD of hwmoglobin over a fourfold range. Blood from the same stock 
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Fiq. 1.—The nte of ozicutioii of hmiogloUii at (a) Ph ^'70 s (&)Pb 0*29 ; (o) ph 9*67 

(<i) 7*04. 

solution was oaed in both experiments. The results are given in Table II 
and fig. 2. Four values from an experiment with a different sample of blood 
are included, in this case the total phosphate concentration was 0*6M., the 


Aa. 2.—The rate of otnatton of hmogtebln in soiiitiDni of d ifl we n l o o u es nte attom. 
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Table U. 


0-2 M. totid pluMi^te, 6-29, 20” C. 


Inlttal hmoglobin. 

Tibm. 

I HsmoglolHii* 

•“Sii (•-»)• 

Tolt. por cent. 

boon ! 

vola. per oent. 


191 

84 1 

1-06 

1*740 


48 

0*71 

1*670 


73 

1 

0*34 

1-861 

8*81 ! 

26 

2-28 

1*777 

1 

49 

1-48 

1*6W 

1 

74 

0*80 

1-Stt 

0*78 1 

20 

3-40 

1*774 


68 

2-03 

1*660 


77 

109 

1-280 


29 

4-30 

1*762 


64 

2*44 

1*606 


79 

1-64 

1*333 

1*70 

17 


1*816 


30 


1*621 


63 


1*326 

3*40 

20 

2*34 

1*819 


401 

1*43 

1-6M 


H4 

0-74 

1-338 

510 



1-791 




1*636 




1*364 

6-80 

221 


1*778 


1 44 


1-634 


1 66 


1-390 


0*6 M. total phosphate, pn 6*29, 26” C. 


InitUl IwmogloUji. 

mgm 

1 Hemoglobiii. 

log,, ( 0 -as). 

Tole. per oant. 


Foi>. per oent. 


4*48 


3^44 

1-890 



2-49 

1*760 

8*80 

10* 

’ 6*86 

1*888 


43 

4*87 

1 

1*740 


Within the limits of the rather lai^ge ej^rimental errors the monooudeoular 
relation appears to hold in the range of concentration studied. The eoattering 
of the points in the figure (chiefly below log^o (a — «)« 1 *4, i.e., after 76 pet 
cent, of the hamoglobin has been ozidised) is probably not teal, for the greatest 
dsTiatbns ooour with the very dilute blood solutions. 
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Values of the vdocity ooostaiit over the lange of fa B'70-7'04 were deter¬ 
mined at 25° C. with two further of Uood. The three seta of ndaea 

are given in Table III. The velooity constants, given by the eqnatioin 


i 


2*303 

t 



were obtained graphically, times being expressed in hours. 


Table HE.—0*2 M. total phosphate, 26° G. 



670. 

ese. 

6*67. 

7 04. 1 

c. 

k X W - 1 

1 4U 

\ IVl ^ 

i \%\ ' 

1 070 

\ 0-54 

fcXlQ*- 

\ »°n 

1 1^60 

\ 005 

\ 0'6& 

\ 0-54 

k X W- 

\ 

\ 

\ 0-60 

\ 0-04 

\ O-Ol 


The rates of oxidation were teptoducoble wiring the same stock solution of 
blood, but it will be seen that there is considerable variation between the three 
samples. The following values of i given by eight difforent samples may be 
quoted:— 

0*2 M. total phosphate 
Pg 6*29. 

26° C. 

* X 10* - 0*94,1*03,1*62,1*64,1-66,1*68,1*97, 2*07. 

It is known that the oxidation of hssmo^obin is very sensitive to catalysts 
and it seems probable that these difierenoes are due to varying amounts of 
smne catalyst in the blood. The general rdation between and k, however, 
appears to have the same form in each case. In fig. 3 values of log|Q (k X 10*) 
from Table 111 are plotted against p^. The points Ue on straight lines, two 
of the lines are parallel and the slope of the third is not very different. Since 

Pb = mlog,o(fc X 10») + 0 , 

it follows that the relation between the velocity constant and hydrogen-ion 
activity ag-f is given by an equation of the form 

ag =s constant x k. 

Vdnes of die power x are given in TaUe m.* 

* —a is the reelprooal d the tangent o( the eagles made by the straight Unas la flg. t 
with the ebaolaas. 
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The Temperature Coejioient of the Reaelion. 

The late of oxidation was meaauied at 16° and 26° C. using the aame stook 
solution of blood. The leeults are given in Table IV. The valuee of total and 
denatured pigment at both temperatuxee ehowed no significant change daring 
the coarse of the reaction. 


Table lY.—0*2 M. total phosphate, 26° G. 


Pk- I 

1 

Time. 

UemogloUxL 

6-70 

houn 

0 

17 

41 

volfl. per oont. 

530 

361 

204 

1 

629 


630 


18 

4*25 


42 

3*50 

6*67 

■■■■ 

0-30 



4-oe 



3*07 

7 04 

0 

0*30 


22 

4-08 

1 

45 

4-51 

5-70 

0 

4-01 


19 

2-96 


43 

1-70 


57 

0-98 
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Table IV.—(eonti&tied). 



ue givtA in Tab& Y. The latio iW/^v* (negleolaiig the imall difiecemoe 
•t the two tempentuies) is epproziniatel 7 ^ esoopt at pg 7’06 (18* 0.). At 
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C. tlw amonut ol pigmeat oxidised is lelatirdy small, espeoiaUy in tlis more 
al k al ine sohitianB. The velocity constants at this tonpeiatnie are UbeteUm 
OBty approximate and the deviations from the most aocniate value of the 
temperature oooffioient, 4*06 at 5-72 (18^ C.), are probably not real. 


Table V. 


' 

IS® C. 

38° C. 

1 

i 

Pm- 

k. 

Ph- 

L , 

5-73 

fi-48xl0-* 

5*70 

a-ssxio-* 

405 

6*33 ' 

S-38 

6*39 

0-94 

3-95 

6-70 

1-41 

6-67 

0-60 

4-36 

7-07 

0-97 

7-04 

0-34 

3-51 


Two corrections should be applied to these values of the tempeiatuie 
ooefBdeiLt (1) for the difference in pn at the two temperatures (2) for the 
different concentration of dissolved 0^ at the two temperatures. The pn 
correction was calculated from the equation 

+ — constant X k, 

and amounts to a decrease of 4 per cent. Neill and Hastings (1925) have 
Aown that the rate of oxidation increases with decreasing oxygen {mssure 
over a wide range but there is insufficient data for the caloulation of the oxygen 
oonoentration ooiieotion. The effect is in the same direction as that of the 
Pb oorrection, a very rough estimate gave a decrease lying between 2 and 15 
per cent. 

The Influence of Phosphate Concentration, 

The work of Cohn (1927) makes it possible to prepare buffer mixtures of 
the pg and differing concentrations of total phosphate. The rate of 
oxidation hAs been measured at 26° C. and pg 6-29 in solutions of oonoentration 
0*2, 0*6, 0*8 and 1-0 ML total phosphate. The values of [HP 04 "']/[H*P 04 “] 
given below were obtained by interpolation from Cohn’s data. 


Ph 6*29 (25° C.). 


Total phoB^to (M.) 

0-2 

0-6 

0-8 

1-0 

GHPO.-] 

0-300 

0-376 

0-396 

0-406 


0-700 

0-626 

0-606 

0-606 
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The method of aDAlyBU of haamoglobin and total pigment in the hearily 
bnfiered nuxtues was modified slightly. The laotio aoid oonoentration of the 
reagent was iiuaeased* and 2*5 N« NaOH was used for the absocptioii 
of 00|. The volume of reagents used was the same, bat the tizna of shaking 
with 00 was inoxeased to 6 minutes. When the appropriate coneotions were 
used the same results were obtained with mixtuiee containing equal volumeB 
of blood but difieieut oonoentiatious of total phosphate. The values for 
undenatoied pigment in mixtures above 0*2 M. phosphate were somewhat 
lower titan those for total pigment, but as the disorepanoy did not change 
greatly during the reaction it was assumed that oathseimoglobin was not formed. 

The results of experiments with the same sample of blood are shown 
graphioally in fig. 4. Increase of phosphate concentration from 0*2 to 0*6 M. 
increased the rate by 19 per cent., above this concentration no farther effect 
was observed. The values of k were :— 

0*2 M. total phosphate jfe := 1*54 X 10^* 

0*6-l*0 M. total phosphate t = 1'83 X 10“* 

An unknown fraction of the increase must be attributed to the decreased 
concentration of dissolved oxygen. 



Pio» 4.—The rate of orirtatfon of hgraogiobin at ps 6*29 in wcHnUxam of phoipbate of 
oooocDtntUmt (0)0*211. (O)0*6M. OO-Slt (A) 1-OlL 

. * The lesgent nswi had the foUcwiug oompodttoa t—20 grams KgFcQyir 47 oo. laotio 
aoU fip. gr. 1-21). 60 0 . 0 . water. 
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It was found prerioosly (1930) that a large addition of NaCB to blood 
in a phosphate bofter greatly increased the rate of oxidation. Table VI gives 
the lesnlts of two experiments with NaCl-phosphate mixtures. 


Table VI.—0*2 M. total phosphate; [HP 04 “]/[H,P 04 ~] ■* S/7, 26“ 0. 


Conoentntion of 
MldodNaGl(M.). 

k. 

For oent. inoreMo 
in rate. 

0 

I'54xl0‘* 


068 

3-20 

108 

1-71 

9-48 

616 


The aooeleration of tho rate is very marlmd. If the salt effect of NaCl is 
similar to that of phosphate the increases in Table VI must be attributed 
mainly to the decrease in pn caused by the large addition of NaCl. 

The Effed, of ToUiok. 

With high concentrations of NaCl there is no danger of bacterial oontamina' 
tion of hsamoglobin solutions. It is possible in such a system to determine 
whether the presence of toluene has any effect on the rate of oxidation. The 
deorease in hcemoglobin concentration was determined in two mixtures of the 
same composition except that in one toluene was present (in the amounts 
previously described) and in the other toluene was absent both in the mixture 
and the current of air. The analyses were not done in duplicate and values 
of total and imdenatured pigment were not determined. The time of shaking 
with (X) in the analyses was 5 minutes. 

Within the experimental error the reaction was monomoleoular (Table VI) 
and the presenoe of dissolved toluene had no effect on tho rate of oxidation. 
Bacterial action would also be absent in very concentrated buffer mixtures. 
In an experiment with a 1 *0 M. total phosphate buffer of pu 6’29 the agreement 
between the rate of oxidation of hemoglobin with and without toluene was 
very good. 

If a considerable amount of liquid toluene was present during the reaction 
an mteresting effect was observed. The rate was always initially the same as 
that in a mixture containing only dissolved toluene, but relatively the rate 
inoxeased as the reaction progressed. Fig. 6 shows graphically the rate of 
o x i d ation at pa 6‘29, total phosphate concentration 0*2 M. (1) with the uanal 
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■noiEDt of tohiQDO (3) after addition of 1*0 o.o. tolaano to 60 0 . 0 . of tbe 
miztuie. 

The reeulte in the pieaenoe of exoeaa toluene anggeet a leaotion of the anto- 
catalytio type. It was thought that denatoiation of baamog^liin. mif^t take 
]daoe alowly at the toluene-liquid inteifaoe and the catluDino^bin ao fonned 
catalyse the oxidation, but the unchanged valuea of total and undenatuied 



Fio, 5.—^Tha rate of oxMetton of hnmoftlobin in the presanoe of: (O) a miniimim amoont 
of tolueoe. (Q) Exoaaa of liquid tolnana. 

pigment did not support thia view. If oathsmoglobin or hsamat i n was 
lesponaible the amount present was less than 0*1 vols. per cent. It is possible 
that some other substance changed or denatured at the interface may have 
acted as catalyst. 

Diteuttion. 

Gonant and his oo-workers (1923, 1924-25, 1926, 1928) have shown that 
reduced hcmo^bin and methnmoglobin form a reversible oxidatum-rednotion 
system of similar type to the feitooyaoide-ferrioyanide system. The dhange of 
hosnoglobm to methnmoglobin involves a valence change of the iron atom 
and lequiiee one hydrogen equivalent of oxidising agent per gram-atom of iron 
in the htemo^obin molecule. The actimi of oxygen appears to be rather 
> ahnonnal (as in several other oxidations with moleoalar ojygen) and Oonant 
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and Fieser (1924-2B) have tentatively raggeated the following "«h«nia*«it 
equation (neglecting the ionisation of the hflamoglobiu): 

2H,(Hb) + 0, 2H,(MHb) + HgO, 

Reduced Methsemoglobin 
hfiemoglobin 

where H,(Hb) contains 1 gram-atom of iron. As Adair (1926) and Svedberg 
(1926,1927) have shown that the haamoglobin molecule contains 4 gram-atoms 
of iron the equation can be written 

[H,(Hb)l4 + 20, {HJJELh)\ + 2H,0,. 

If the kinetios of the reaction are given by this equation or a similar one the 
rate should be monomolecular with respect to the hsmoglobin concentratiau. 
The probability that some catalyst in the blood solution influenced the rate 
of oxidation in the present experiments makes it impossible to assume without 
further evidence that the observed monomolecular rate can be explained cm 
this simple basis. Further work with solutions of pure haBmoglobin is required. 

The higher rate of oxidation of hannoglobin in the more acid solutions is 
another example of the analogy between the properties of the hesmoglobin- 
methnmoglobin and ferrocyanide-ferricyanide systems pointed out by Oonaat 
(1923). The ferrooyanide ion is comparatively stable to oxygen, but Baudisch 
and Davidson (1926-27) have shown that the substituted ferrocyanide, penta- 
oyanoammine-ferroate ion, is oxidised by oxygen to the ferri-ion and that the 
rate is inversely proportional to the Simple ferrous iron, on the other 
hand, is rapidly oxidised by oxygen in alkaline solution but is comparatively 
stable in acid solution. 


Stmmofy, 

(1) The decrease of hsamoglobin concentration in diluted blood containing 
dissolved oxygen was due to the formaticm of methaemoglobin. 

(2) The oxidation of heemoglobin to methmmoglobin was, within the experi¬ 
mental 1ii»it S| monomolecular with respect to the concentration of hosmoglobm. 

(3) The rate of oxidation varied in different samples of blood. 

(4) Decrease of increased the rate of oxidation. The rate was directly 
proportional to a power of the hydrogen-ion activity. With three different 
Uoods the value of the power was 0*54, 0-54 and 0-61. 

(6) The unooneoted temperature coefficient was approximately 4 over the 

VOL. COX.—B. » 
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Pa (18^ C.) lange 5-72-7-06. The oomotion for the differenoe in oonoentration 
of diaeolved oxygen at the two temperatuiefl was unknown. 

(6) Increaee of the oonoentration of phosphate at Ph 0-2 to 0*6 M. 

inoreased the rate of oxidation by 19 per cent. Increase from 0*6 to 1*0 H. 
had no further effect. An unknown fraction of the inQrease must be attributed 
to a decrease in the concentration of dissolved oxygen. 

(7) Dissolved toluene had no effect on the rate of oxidation in oonoentrated 
salt solutions. The presence of oonsideiable amounts of liquid toluene changed 
the course of the reaction. 
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Therapeutic Interference caused by Istmerides of Trypanocidal 
Styryl Quinoline Derivatives.* 
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R. OULBBANBBH. 

(From the Sobool of MediouM, Leods ; the Pathology Departznont of the Univenity 

Weetera Infirmary, Glasgow.) 

(Received June 6, 1931.) 

The quatemaiy salts of the styryl quinolines (Browning, Ck>hen, Elling- 
worth and Gulbransen, 1926,1929) which possess active trypanocidal properties 
in vivo, can usually be prepared in two ways—(a) by condensation in presence 
of piperidine of the quaternary salt of the quinaldine derivative with the alde¬ 
hyde (method I), or (6) by forming the quaternary salt by the addition of 
methyl sulphate or alkyl halide subsequent to condensation with the aldehyde, 
using sine chloride as condensing agent (method II). It was found that certidn 
compounds synthesised by method II were strikingly deficient in trypanocidal 
action as compared with their isomeridea prepared by method I; there were 
also marked differences in chemical and physical properties. The present 
investigation elucidates these differences. 

Biotogiced Part, 

2(p-amino styryl) 6 acetylamino quinoline methosulphate (the correspond¬ 
ing methochloride is substance No. 8) as prepared by method I, like No. 8, 
has a powerful curative action when administered subcutaneously to mice 
infected with T, brucei. When treatment was delayed until parasites were 
somewhat more abundant in the blood than in the usual therapeutic experiments, 
a dose of 1:3000 per 20 grams body weightf usually led to complete cure 
(maximum tolerated dose 1: 750). On the other hand, the isomeride prepared 
by method II (maximum tolerated dose 1:300) when administered under 
Rimilar conditions in doses of 1: 300 or 1:500 usually produced only a trace 

* The work reported in this oommunication was dono with the support of the Medical 
Researoh OoonoiL 

t The dosM mentioDed refer to the dilution of which 1 o.o. was administered to a moose 
weighing 20 grams; for mice of other weights the amounts given were in proportion to 
the body weight \ all the twl mals used weighed from 18 to 22 grams. 

B 2 
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of action, life being prolonged for from one to aeveml dajra beyond that of the 
untreated oontrole whioh died about 72 hours after inoculation. Sometimes 
the largest dose had no efEect; occasionally life was prolonged for 8 or 9 days. 
In the latter case the trypanosomes increased oonsiderably in number in the 
blood for several days after treatment, they then gradually disappeared ami 
remained absent for 2 or 3 days, but they re-appeared again and increased 
progressively, causing death after an acute course. Not merely was this 
substance deficient in trypanocidal action, but also it produced therapeutic 
interference (Browning and Gulbransen, 1922, 1927); that is to say, when 
administered along with the active isomeride it diminished or practically 
annulled the trypanocidal action of the latter. In this instance the effect 
was produced by injecting a mixture of the two substances in solution. In 
one series two animals which received doses of 1: 3000 of product I showed no 
parasites in their blood over a period of observation extending to 97 days; 
but of those whioh received in addition 1:600,1:1000 or 1; 2000 of product 
II (2 animalH received each dose) 3 died along with the controls and only 1 
survived to the eighth day. On diminishing the amount of the interfering 
substance the results varied with the individual animal, but even 1:20,000 
or 1:30,000 of product II might produce a marked interference when associated 
with 1:3000 of product I, so that parasites increased in the blood for several 
days, then diminished and disappeared for 1 or 2 days, again returning and 
increasing progressively until death resulted. Where the interfering substance 
did not prevent cure, the parasites persisted for several da]^ in the blood, 
often increasing before their final disappearance. This increase has also been 
noted by Schnitser and Rosenberg (1926) as a manifestation of slight inter¬ 
ference. With as small an amount of substance II as 1:100,000 along with 
1; 3000 of substance I, such delay was evident. 

In the case of 2(p-acotylainino styryl) 6 aminoquinoUne methoohloride (No. 
87) prepared by method I (tolerated dose 1:2(XX)) cure was effected by doses 
of 1:6000 and sometimes by 1: 7600 and 1; 10,000. With a product prepared 
by method II (tolerated dose 1:760) 1:800 had sometimes only slight action; 
and even where the blood eventually became free from trypanosomes after 
a dose ranging from 1:800 to 1:2000, they increased markedly and persisted 
for about 3 days before disappearing. From the latter product a fraction 
separated by orystallisation from dilute alcohol had the chemical and physical 
ohazactets of the substance prepared by method I and its toxicity and try¬ 
panocidal action corresponded with those of the latter. Thus, metiiod II 
led to the formation of both isomeiides. 
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2(}>-Met7lflmmo Btyryl) 6 aoetylaminoqoinoline methoaulpluite (No. 89; 
No. 88 is the oorreaponding methoohloride) was formed by both methods of 
preparation^ aooording to the chemical and physical properties of the prodnots; 
the toxicity and trypanocidal action of the two were practically the same. 

In connection with the investigation of relationships between ohemioal 
constitution and chemotherapeutic action, great importance attaches to the 
above observations on account of the possible source of error which they 
elueidate. It is demonstrated that, as in the case of No. 87, a method of 
synthesis may give rise to a mixture of isomerides the one of which is thera¬ 
peutically active, whereas the other is not merely relatively inactive but, in 
addition, has the property of interfering with the chemotherapeutic effect of 
the former. The low concentration in which the inactive isomeride may give 
rise to therapeutic interference (1:100,000 in the case of the isomeride of 
the methosulphatc corresponding to No. 8) indicates the necessity for 
exercising great care in drawing conclusions as to the chemotherapeutic 
efficacy of substances investigated in an impure state. 


Chemical Section, 

The substance 2(p-amino styryl) 6 acetylamino quinoline methosulphatc 
(the methosulphatc corresponding to No. 8 or 8S) of the formula 



was prepared by the two methods described above, and although the com 
pounds are isomeric and contain the same content of sulphur (S found for 
I = 7*11 per cent.; II = 7-2 per cent.; CnH„ 05 N 88 requires 8 = 7-4 per 
cent.) the chemical and physical properties were observed to bo very different; 
the differences are tabulated as follows:— 


I. 

Large bright red pbtes or needles, 
m.p. 270° (decomp.). Boiling with 
ammonia produced no change^ the 
original substance being recovered 
by salting out with sodium sulphate. 


II. 

Microscopic dark red crystals, 
m.p. (280° (decomp.) Boiling with 
ammonia precipitated the original 
base. This was proved by mixed 
m.p.’s and conversion by acetylation 
into 2(p-ac6tylamino styryl) 6 
acetylamino quinoline. 
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L 

HydrolyBiB with ooncentiated 
hydroohlorio acid and neutralUatioa 
with ammonia gave 2(j>*ainmo 
styiyl) 6 amino quinoline metho- 
ohlozide^ identioal with a pure syn¬ 
thetic epeoimen. 


11 . 

Hydrolysia with concentrated 
hydrochloric acid and subsequent 
neutralisation with ammonia gave 
2(p-aniino styzyl) 6 amino quinoline, 
proved by comparison with a pure 
specimen and conversion into the 
above diacetyl base on acetylation. 


The only group which is open to attack by the methyl sulphate, other than 
the quinoline nitrogen is the free amino group of the benzene nucleus, but this 
is negatived by the fact that the unsubstituted diamino derivative is re-formed 
on hydrolysis. 

In order to determine whether the observed difFerences depended on the 
free amino group, the following two substances were prepared by the two 
methods, the one containing no free amino group and the other an amino group 
in the quinoline nucleus. 




„ I I 

N 


NH.CO.CH, 


(CH,).SO, 


'4 > 


No. 89. 



CH,C1. 


No. 87. 


In tho cue of No. 89 no difierenoes were oburved; both products orystaUised 
from methyl alcohol in yellow needles, m.p. 296*’ (decomp.), gave the same mixed 
melting point and contained the same content of S. S found for I = 6*9 per 
cent.; 11 = 6*8 per cent. C^HgtOgNsS requires S = 6*8 per cent. 

In the second oau (No. 87) the methosnlphate of the II product was prepared 
and on crystallisation from alcohol about 10 per cent, of the substance was 
separated and differed from the remainder in containing material which was 
precipitated by ammonia, although it had the same content of sulphur. S » 
7*6 per cent.; CuH^OgN^ requires 7*4 per cent. The dried substance had 
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A' green metaOio luatie. The remaining 90 per oent. on evaporation deposited 
red oryatalfl which were stable to the action of and gave on analyvu 

B = 7-4 per cent.; requires 7-4 per cent. 

After conversion to the chloride it appeared to be identical with the metho- 
chloride prepared by method I, being stable to ammonia and yielding the 
diamino methochloride on hydrolysis with hydrochlorio acid. It crystallised 
in red needles from alcohol, identical with the pure I product as determined by 
crystalline form, melting-point and mixed melting-point. 

It follows from the above observations that in the case of No. 8 S, and to a 
small extent in the case of No. 87 prepared by the method II, the methyl 
sulphate does not form a true quaternary salt, but a loose molecular complex, 
which is easily detached by the action of ammonia or by hydrolysis with 
hydrochloric acid. 

2{p-nitro Hyryl) G acelylatnuio-quificline. —p-nitrobensaldehyde (20 grams) 
and 6 acetylamino-quinaldino (26*5 grams) were melted together in a metal 
bath at 140°-160*^. Powdered zinc chloride (2 grams) was added and the 
mixture maintained at this temperature for three-quarters of an hour. Rapid 
condensation occurred and the product solidified with evolution of steam. The 
jdeld after dystallisation from benzene was 33 grams. It crystallised from 
pyridine in yellow, lenticular crystals, m,p. 274®-278°. Found N, 12*90 per 
cent.; O 19 II 15 N 3 O 3 requires N, 12*62 per cent. The high percentage of 
nitrogen is probably due to slight hydrolysis, for on boiling with a little acetic 
anhydride the percentage of N was 12*65. 

2 (p-amtno styryl) 6 ocfiylnminAy-quindine, —The nitre compound (33 grams) 
was suspended in 350 c.c. 90 per cent, acetic acid, steam-bath and iron filings 
(30 grams) slowly added with frequent shaking. The product was filtered, 
made ftllralinfl with ammonia, filtered and the precipitate extracted with alcohol 
containing ammonia. On concentration of the alcoholic solution, the base 
orystaUised from alcohol m small square plates, m.p. 212°-214®. After two 
re-crystallisations from alcohol it melted at 224°“-226° ; yield 18 grams. Found 
N, 14 per cent.; C 19 H 17 N 3 O requires N, 13*9 per cent. 

2{p-ao(iy1amino dyryl) 6 acetylamino-quinoline.—The above amino com¬ 
pound (5 grams) was heated on the steam-bath with acetio anhydride (25 o,c.) 
and fused sodium acetate (1 gram) for 1 hour. The product was filtered, 
washed with water and dilute ammonia. It was boiled up with absolute 
alcohol, filtered and aUowed to orystallisc. The yield was 4*6 grams of pale 
yellow amorphous powder. This was boiled with half a Ktre of absolute alcohol 
which left a residue, m.p. 304°-306®, whilst the solution deputed 2*6 grams, 
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m-p. 312*’-314°, which ocystalliaed in long tiiick odoorleM needlea. Found 
N, 12-3 per cent.; C|iH],N,Oa lequiiee N, 12*2 per oent. 

2{p*ooe(y2affwno ttyrffi) 6 anrino-quiruiUne. —^Acetjhuninolxnueldehyde (S 
gnuns) and 6 amino-quinakline (6 grams) were heated in a metal bath at 
140°-146°. The mixture slowly melted to a thin liquid whilst steam was 
evolved and solidification occurred. Heating was then continued for another 
half-hour. The product was crystallised from alcohol and forms short oolourlesB 
needles, m.p. 216‘’-218°; the yield was 6*2 grams. Found N, 13'9 per oent.; 
Ci^i7 N,0 requires 13 *9 per cent. 

3 (p-<MiHno ttyryl) 6 amwio-^uinoluie.—^By boiling the above ocetylamino 
compounds with excess of concentrated hydrochloric acid for 2 hours and then 
adding excess of ammonia, a precipitate was formed which crystallised fnnn 
dilute alcohol in yellow needles, m.p. 241‘’-242°. Its solution in toluene was 
yellow with a deep blue fluorescence. 

2 (p-amino styryl) 6 aottylamino quinoUne, meOumUjihate. —^This substance is 
the methosulphate corresponding to the methochloride (No. 8) and may be 
denoted by No. 8S. It was prepared by method II, os follows : Theoretical 
quantities of the base and dimethyl sulphate were heated in nitrobensene 
solution on the steam-bath for 10 minutes. On cooling, a red orystaDine 
jHoduct separated and was filtered, washed with nitrobenzene and other and 
boiling absolute alcohol and finally crystallised from 90 per cent, alcohol. 
It melted at 280° with decomposition. A mixed melting-point with 8S prepared 
by method I gave 260°-260°. Found S, 7'2 per oent.; CigHi^NyO, (CH|)^304 
requires 8, 7 • 4 per oent. On boiling the above (88, method II) with excess of 
ammonia for 10 minutes it was completely precipitated and the product was 
proved by a mixed melting-point and by conversion into the jp-acetylamino 
derivative to be the original 2(p-amino styryl) 6 ocetylamino quinoline. 

2 (p-fieetylamtno atyr^) 6 ocetylamino quinoline, nuthotulj^ate (No. 89).— 
The base (1'5 grams) was dissolved in boiling nitrobenzene (100 o.o.) and 
dimethylaulphate (0*7 c.c.) added and the mixture allowed to cool slowly. 
The product which separated was filtered and extracted with 300 o.o. of methyl 
alcohol. The residue formed long, yellow needles, in.p. 288°-290° (deeomp.). 
Found 8, 6-8 per cent.; CnHi 4 N 30 | requites 8, 6*8 per cent. Boiling with 
ammonia for some minutes produced no apparent change (no precipitate) 
either with No. 89 prepared by method I or II. On the other hand, hydrelyais 
with oonoenttated hydrochloric add gave the same product, m.p. 270°-*273° 
(deoomp.) from both (2(p-amino styryl) 6 Amino quinoline wiA t h <^h l opde )- 

i(^-aoetyUanino ttyn^) 6 amino-quinciUne, meAoohtonde (No. 87).—This 
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WBA prepared as above by method II, using theoietioal quantities of the base 
and diznethylsulphate, which were heated for 10 minutes at 120®-130®, The 
produot was extracted by boiling with alcohol and the residue crystalliBed 
from dilate alcohol. The alcoholic extract gave a product unstable to ammonia, 
whereas the dilute alcohol yielded a substance identical with No. 87 obtained 
by method I. A larger yield of the unstable compound was given when the 
preparation was made at 150°. The stable product was purified by dissolving 
in water and a little ammonia, boiling with charcoal, filtering and precipitating 
the methochloride with saturated salt solution. The melting-point and mixed 
melting-point with the methochloride made by method I were identical, 
namely 299°-300° (decomp.). Hydrolysis with hydrochloric acid gave the 
s a m e product as 8 obtained by method I, namely 2 (p-amino styryl) 6 amino 
quinoline methochloride of m.p. 270°-272° (decomp.). 

Summary. 

In the case of certain quaternary salts of styryl quinolines which possess 
active trypanocidal properties in vivo, e.g., 2(p-ainino styryl) 6 acetyl amino 
quinoline mothosulphate, synthesis is effected by condensation in the presence 
of piperidine of the quaternary salt of the quinaldine derivative with the alde¬ 
hyde. The isomeride prepared by the addition of methyl sulphate subsequent 
to condensation of the aldehyde, using zinc chloride as the condensing agent, 
leads to a compound which is not a true quaternary salt but a loose molecular 
complex. The latter substance is much less effective as a trypanocidal agent; 
further, when administered along with the former, it produces therapeutic 
interference, on testing for trypanocidal action in mice infected with T. brucei. 
In the case of 2(p-acetyl amino styryl) 6 amino quinoline methochloride, the 
second method leads to a mixture of the two isomerides which is deficient in 
trypanocidal action as compared with the quaternary salt prepared by the 
first method. Since the inactive isomeride may cause therapeutic interference 
when present in high dilutions along with the corresponding active compound, 
it appears in general that great care is therefore necessary in drawing con- 
olusions as to the therapeutic efficacy of impure substances. 
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The Rdation of GltUaihione to Cell Respiration with Special 
Reference to Hepatic Tissue. 

By Six F. GtowLANB Hopkins, P.R.S., and E. A. C. Eluoit (Beit Memorial 

Research Fellow). 

§ I.—Intboduotobt. 

It has been commonly assumed that one function of glutathione in the tusnes 
(others have been suggested) is to act, in virtue of its sulphur groupings, as a 
carrier of hydrogen from reducing systems to molecular oxygen. This assump¬ 
tion has hitherto been based upon its behaviour when added to washed tissue 
preparations. 

The observations of Meldrum and Dixon (1930), however, have shown that 
the tripeptide, after its separation from the tissues in crystalline form, while 
freely reduced by tissue preparations, undergoes oxidation by molecular 
oxygen only with the co-operation of two factors present as traces in most 
piepaiatioQS of the substance; not alone iron (or copper) of which the necessity 
was long ago shown by Warburg and Harrison, but also some substance able 
to form catalytically active complexes with the metal. Unlike earlier, less 
pure, preparations the crystalline product when added to washed tissues 
entirely fails to produce a system capable of taking up oxygen. Especially 
studied in this relation was the effect of adding it to the “thermostable 
residue ” from muscle (Hopkins and Dixon, 1922 ; Hopkins, 1921). Moreover, 
when a solution of the crystalline material in the reduced form is ■b*lnwi up 
with such a tissue preparation and filtered the filtrate shows no oxygen uptake 
even when metal is added. The glutathione appears under this treatment to 
be inactivated. The above authors showed that this is because the tripeptide, 
and, apparently, also other peptides containing cysteine are, unlike cysteine 
itself, incapable of forming a catalytically active complex with iron or copper. 
On contact with a washed tissue residue the fiictor which forms such a complex 
may, unless present in appreciable amount, be wholly removed by adsorption. 
Meldrum and Dixon showed good, if not quite conclusive, reasons for believing 
that this factor is free cysteine of which the earlier preparations contained more, 
but which may be present in traces even in the crystallised preparations. 
Mason (1931) has since suggested that the substance is more probably cysteinyl- 
glycine. 
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The demozutration of this stability of the tripeptide towards oxygen after 
isolation made it desirable that its fate when present in fresh intact tissues 
should be followed during the course of survival respiration. Its behaviour 
while thus retaining its normal associations in the cell should then be displayed. 

The results to be described, in so far as they refer to its oxidation, have been 
obtained chiefly from studies of liver tissue. The reduced (thiol) form of 
glutathione as it exists in the liver we have found to be readily oxidised to the 
disulphide form by molecular oxygen. We have also found that its oxidation 
during the survival respiration of the fresh tissue is associated always with a 
continuance of reduction processes, showing that the transport of hydrogen 
to oxygen is thus maintained, and indicating that the oxidation of the tri¬ 
peptide has real metabolic significanoe. The quantitative inqiortance of this 
influence, moreover, would seem to be far from negligible. 

Although the anaerobic reduction of the disulphide form by the tissues has 
been often described, it seemed desirable in the circumstances to obtain further 
data concerning this reducing power by the use of whole tissues, because most 
of the existing evidence refers to the action of tissues previously extracted with 
water. Experimentn with this end are briefly described in section 3 (a). Moldrum 
and Dixon found that even the purest preparations of crystallised glutathione 
are normally reduced by tissue preparations. 

The main purport of the paper, however, is to describe events during aerobic 
survival respiration. 

What our experiments have actuoUy demonstrated is that in the course of 
these events there is sustained oxidation and reduction, respectively, of thiol 
and disulphide groupings in the tissue. The evidence which suggests that 
glutathione is the dominant, and possibly the only, substance involved in 
these changes is suflicient to justify the title of this paper and the special 
reference to glutathione throughout. The behaviour of sulphur groups as 
displayed in the experiments applies to the behaviour of those in glutathione. 
Until, however, the tripeptide can be isolated more quantitatively than at 
present the absence of other cell constituents carrying active sulphur groupings 
with similar behaviour ought not to be assumed. This matter receives further 
reference in the next section, 

§ IL—Experimental Methods. 

(a) EHinuUion of Reduced GloUdkume. 

Tunnicliffe’s method (1926) in which trichloracetic acid extracts of tissues 
are directly titrated with N/lOO iodine, using sodium nitroprusside as an 
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external indicator, has been ^dely used and baa met with both approval and 
oritioism. It involves, of oonise, the assumption that no substanoe in the 
extract reduces iodine at a rate at all comparable with that involved in the 
oxidation of the thiol to the disulphide fonn of glutathione. This assumption 
is, we believe, in a practical sense, justified. Towards the end of a titration 
when the concentration of the —SH group has become very low there is some 
tendency to add a disproportionate amount of iodine. It is best to take as the 
end-point the stage at which a very slight pink colour with nitroprusside is 
still to be observed. Owing to the delicacy of the colour reaction this corre¬ 
sponds to a very small amount of glutathione. Throughout the main range of 
titration we believe the error to be negligible. The best evidence for the 
essential adequacy of the method lies in the nature of our results as will be 
noted later, after the discussion of these. 

Nevertheless, owing to the greater convenience of titration with an internal 
indicator, we made a number of comparisons of Tunnicliffe’s method with other 
methods in which starch has been so used. The procedure described by 
Perlsweig and Delrue (1927) gave in our hands poor agreement. On the other 
hand, when we observed the conditions for titration recently defined by Klihnan 
(1931), by adding 20 c.o. of a 26 per cent, solution of potassium iodide to the 
solution b^ore the iodine was run in, we reached good agreement, and in many 
of our later estimations we employed this method with results identical in 
character with those given by Tunnicliffe’s method. 

(6) Isolation of Glvtatkione from Mammalian Livers, 

Pirie (1930) isolated crystalline glutathione from ox liver, and since then the 
pure substance has been several times prepared in this laboratory from 
mammalian livers. The preparations have yielded analytical data agreeing 
with theory, and have shown all the properties of the pure substance as obtained 
from yeast and other sources. The method described by one of us (Hopkins, 
1929) is indeed one which provides a moderate yield of the tripeptide with 
quite remarkable ease. It is, however, difficult to obtain by its mean* a 
yield which is quantitative. The substance is actively adsorbed by moat 
precipitates and perhaps especially by the noetallic sulphides which have to be 
dealt with in the process as described. In the final precipitation by cuprous 
oxide equilibria are set up which tend to make the separation partial, and the 
degree of this interference seems to vary with the nature of the tissue employed. 
In the case of the liver, moreover, experience suggests that the proportionate 
yield may vary with the metabolic condition of the organ. The difficulty due 
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to the fact that the ouprooa compound rediaaolvea when excess of copper has 
been added has been removed by Pirie*s observation that oxidation of the 
excess of metal, by aeration of the solution, results in repreoipitation. Even 
when excess has been avoided however, precipitation is usually incomplete 
at this stage. These aspects of the method are being further investigated in 
the hope of improving the yield. 

From ox and rabbit livers yields representing from 40 to near 60 per cent, 
of the content as indicated by titration of the original tissue have beeniobtained. 
These amounts were determined by weighing the copper compound os isolated; 
in each case this gave accurate figures on analysis. 

That such yields are compatible with the whole thiol content of the tissue 
being due to glutathione is shown by the proportion recovered when known 
amounts of the substance have been first added to tissues. The nature of the 
experimental results described in the next section is such as to suggest that a 
uniform substance undergoes change. Wo have thus felt justified in sjieaking 
only of glutathione throughout this paper. It is almost certainly the dominant 
thiol compound, if not the only one, in the tissues. Clearly however, as we 
have already suggested, until a really quantitative method of isolation is 
available we cannot be sure there are no others. Our experience agrees with 
that of Bierioh and Kalle (1928) in finding that no free cysteine can be detected 
in perfectly fresh livers. 


(c) Redudion Experimenlt. 

The method used was the following:— 

The fresh tissue was chopped up, sampled, and its initial content of GSH 
determined by titration. About 5 gm. was weighed into each of a series 
of 100 o.c. Thunberg tubes. In one tube the tissue was covered with 
30 0 . 0 . of distilled water only. This was incubated with the others to serve as 
a control. Into each of the others oxidised glutathione, usually 60 mgm., 
was washed with the use of 30 c.c. water, and the mixture brought to pu 7*6 
with N/10 soda. A few drops of chloroform were added and the tubes were 
then evacuated and incubated for a defined period at 37** C. Each was then 
filled with 10 per cent, trichloracetic acid by opening the tap with the side 
tube immersed m the amd solution. The tissue residue was filtered ofi and 
twice extracted by grinding with sand and further amounts of trichloracetic 
acid. The titration of —SH was then carried out on the combined filtrates. 
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(d) Oxidation Expmmenlt. 

The same animnlit were employed as in the rediiction experiments, namely, 
rabbits, oxen, sheep, dogs, oats and rats, but oxidation has been fully studied 
in hepatic tissue only. In the greater number of the experiments rabbit livers 
were employed. The rabbits were killed in the usual manner by a sharp hand 
blow on the back of the neck or, when blood-free livers were required, by severing 
the carotids. In the case of ox- and sheep-livers the material was dealt with 
while still warm from the slaughterhouse. Cats were killed instantaneously 
by pithing; dogs by the use of the “ humane killer,” and the rats by decapita¬ 
tion. The liver in every cose was removed as quickly as possible, and immedi¬ 
ately chopped fine with scissors. It was never ground up, destruction of 
hepatic cells being avoided. In the case of animals killed without bleeding 
the liver pulp as used contained, of course, a considerable proportion of blood; 
in other oases the residual blood was so far as possible removed by pressure. 
The presence or relative absence of blood, though affecting, of course, the total 
quantity of glutathione in the pulp made no difference whatever to the course 
of oxidation. 

The finely chopped liver was thorou^ly sampled, and lots, each of 10 gm., 
were quickly weighed into a series of wide-mouthed bottles of 200 c.c. capacity. 
20 C.C. of mammalian bicarbonate—Ringer’s solution at pa 7'6 were added to 
each sample, and all the bottles were closed with well-fitting rubber stoppers. 
All were then packed into the carrier of a shaking machine and individual 
samples removed at determined (usually 2-hourly) intervals during the shaking, 
for treatment and titration. Since the liver tissue as prepared made a some¬ 
what thick suspension vigorous shaking was employed; the machine making 
about four oscillations per second. That bottles of the size employed contained 
sufficient air to make the oxygen supply fully adequate throughout the course 
of oxidation was shown by control experiments in which the rubber stoppers 
were removed at half-hourly intervals. Fresh air was blown into each bottle, 
the stopper replaced and the shaking continued. This treatment had no 
effect whatever upon the rate of oxidation as otherwise observed. 

The mechanical treatment had no indirect effect. Individual hepatic cells 
when examined microscopically after the shaking showed no marked dis¬ 
integration, and in bottles evacuated and washed out with nitrogen the con¬ 
centration of the —SH group in the tissue remained constant. Changes in pa 
daring the aeration were at most very small. 

Each sample bn removal was immediately treated with 40 o.o. of 10 per 
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oent. triohloraoetio add and then giound up with sand (of which a minunum 
was used to avoid adsorption effects), filtered, and the residue re-eztraoted and 
washed on the filter till the filtrate gave no trace of colour with nitroprusside. 
The filtrate was then titrated dther by Tunnicliffe’s or KUhnau’s method. 

The simple technique involved in thus aerating the tissue as described and 
titrating successive samples gave entirely consistent results. Whenever 
duplicate estimations were made at any stage the agreement was close. 

In the few experiments done at 37"^ C. the shaking apparatus was transferred 
to a hot room kept at that temperature. In no case was there any indication 
of significant bacterial growth during the period of an e]q)eriment. The 
fresh, aerated, hepatic tissue so long as survival respiration continues is highly 
resistant to invasion by organisms. 


§ III.— Expkrimental Bksults. 

(a) Reduction of OSSO by Tissues under Anaerobic Conditions. 

The data in the following tables show the amount of GSSG}: reduced by a 
variety of tissues under uniform conditions during a standard period of 3 hours. 
They provide therefore a measure of the relative reducing power of any one 
tissue compared with that of others. A proportionately short period of observa¬ 
tion was chosen in order to avoid all possibility of errors due to bacterial action. 

In all cases the figures correspond to milligrammes of 6SH per 1 gm. of 
untreated tissue. Column A in each case shows the amount initially present 
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in the tusue; column B gives, not the final, but the extra amount produced 
by the reduction of the added QSSQ which was always present in excess. 
The figures show, as the observations of others have shown, that for any one 
tissue individuala vary greatly with respect to the initial SH content. As 
regards the reserve reducing power the variation would seem to be lees. Tliis 
latter diminishes with diminishing sixe of the animal, at least in the series, ox 
sheep, rabbit, rat; a cizcnmstaaoe which bears upon foots to be presented in 
the next section. 

The initial SH content of renal tissue is generally lower than that of hepatio 
tissue, but the fonner seems to possess mme of tiw merihanisms oonosmed in 
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the reduction ot GtSSG, though hare the ox kidney is an apparent exception. 
The figures in the last table are for mixed brain tissue, but it was found that the 
grey matter shows a greater increase of GISH on incubating with Q8SG than 
does white matter. This has been noticed by others. 

The following table iUostrates the effect of temperature on the rate of reduc¬ 
tion in the case of livers from four individual rabbits. The figures refer to 
the extra GH3H produced from added QSSG after incubation for 4 hours 
(milligrammes per 1 gm. tissue):— 

Liver No, 12 3 4 

At 16° . 2-9 4-3 1-2 2-3 

„ 38° . 3-9 6-7 3-3 4-8 

Hopkins and Dixon (1922) showed that a thermostable residue from muscle, 
representing chiefly the tissue proteins containing a fixed SH group (Hopkins, 
1926), can reduce DSSG. Thermolabile systems play, however, a large part 
in reduction by intact tissues, as after heating these at 52° G. before adding the 
GSSQ the reducing power is much diminished. 

The following figures are from experiments in which the reducing power of 
rabbit livers previously heated to 62° for 1 hour was compared with that of 
controls which had stood for an hour at 16°. They give as before the extra 
GSH produced by incubating with GSSG for 4 hours at 37° C. (milligrammes 
per 1 gm. tissue);— 

Liver No. 12 3 4 

After 1 hour at 16° C. 2-9 5-8 3-3 4-4 

„ 62° C. 2-2 2-0 2-2 2-7 

All the observations under diacussion in this section were made before the 
experiments of the next section were planned. They involved the use of 
evacuated Thunbeig tubes left, according to custom, quiescent in the water- 
bath. As explained in the previous section, the rate of reduction was followed 
by titrating the contents of each of a series of tubes removed from the bath 
at measured intervals. Experience gained, however, during the progrees of 
the later aerobic experiments showed that shaking the tubra increased the 
observed velocity of reduction to a noteworthy degree. In the case of tissues 
chopped with soiasors but not further disintegrated, which was the form of 
majfriifcl used in most experiments, the added 0880 reaches the surface of 
the oeUs only slowiy, unless the containing vessel is shaken. Sinoe, therefore, 
the observed vdodty was affected by an accidental factor, and therefore lacked 
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aotnality, m lefnm from leprodiiciiig the varioas oniveB obtained. One 
onrve, however, relating to liver tiuoe, on which moet of our enrvival xespiia- 
tion stodiee were made, is given in fig. A. 



Fia, A.—Anaerobio reduotion of added GSSG by aheep liver at 87” nnaKalrsm. A and B 
given by different individuak, (a) waa g i v e n by the tame liver as A after it bad been 
passed through a very fine minoer instead of being chopped up. The horisontal lines 
show the initial ooncentratlons of —SH« 

Aotoal destruction of the tissue cells by grinding with sand was always found 
to slow the source of reduction, but not to an extent which would suggest that 
survival of the reducing mechanisms calls for histological integrity. The 
vekwity of reduction waa not signifioally affected when Ringer solution replaced 
distilled water as the suspension fluid; but the use of phosphate buffer was 
found always to slow it. 

(6) The Covne and Rdations of the Oxidaiion of the Thiol Qroap. 

Attention may now be turned to the course of the disappearsnoe of the thiol 
group when the liver preparations are aerated as described in Section 2 (d). 
Each “ curve ” or diagram in figs, 1-14 shows this oonise in the case of the 
liver of an individual animal. All are drawn to the same scale, and in every 
case each point on the curve was obtained by the titration of 10 gms. 
of tissue. Moet of the curves are based upon the titration of some , foot 
samples only, one being the control while the others were removed fram 
the shaker at 2-hourly intervals. In order to obtain fully rqaesentative 
samples we have preferred to use not leas than 10 gm. of material; the liver 
of an individual rabbit may then yield no mote than four or five samples. The 
data obtained be found, however, to give ample evidence for the oaa,- 
ojarions based on the experiments. In the case of an oxidative event ooomoing 
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in complex relations any attempt to study its kinetics with cloaenoss would be 
of little value, or, at any rate, without further knowledge, premature. 

BabbU Livers, —Our most numerous experiments have been made with these. 
The curves of fig. 1 a show results obtained at room temperature (17^-18^ C.) 
in the case of livers removed from rabbits which had been abundantly supplied 
with food (oats and carrots) for 24 hours preceding the experiment. All the 
results obtained under these conditions are assembled in fig. 1 no selection 



of liver tinue. Each ** curve ’* or diagram was obtained from the liver of 
an individual animal A, from liven of well-fed rabbits ; B, from liven of fasting 
rabbits, l^mporatuie 17^ 0. Each point on the curves was obtained by the titratum 
of 10 gm. of tisBue. 

bdng made. The initial concentration of GSH varies widely in different hven, 
a familiar oiroumstance whic(h will be disoaased in another paper. In spite of 

X 2 
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thia vaiiatiom one ohanoteiiatio teralt is deu in eveiy oaae. There is no 
appreciable change in the concentration of the —QSH daring the first 2 hoars 
of the vigoroos aeration. If any change oocors it is rather a slif^t increase. 
That the transition from this period of apparent indnotion to a period of active 
oxidation appears in the diagrams as ocoorring exactly at the end of the second 
hoar is due merely to our choice of intervals; but a period in which the con¬ 
centration of GSH remains constant or nearly so is always followed by a 
rapid fall which starts quite early in the third hour of aeration. The oonstonty 
of this phenomenon in the case of well-fed rabbits is noteworthy. It will be 
seen that oxidative disappearance then proceeds, and, ap to the sixth hoar, 
its progress is approximately linear or may show a slightly increasing vdocity. 

At first sight it might seem possible to conclude from Mddrom and Dixon’s 
observations that the initial delay in oxidation is dae to the absence of any 
trace of free cysteine, which only appears later as the result of autolysis. A 
preliminary addition of cysteine to the tissue has, however, no effect at all on 
the subsequent course of oxidation. That the transition from slow to rapid 
oxidation is due to the appearance of any aatolytio product, necessary for the 
formation of a catalytic iron-complex, is negatived by the result of the following 
experiment. The liver tissue of a rabbit was first shaken in the oustomaiy 
manner for hours and kept overnight in the ice chest. The whole was then 
divided into two equal parts, the —SH in one half estimated and the other half 
added to fresh liver tissue and the rate of the disappearance of —8H deter¬ 
mined as in other experiments. There was no acceleration in the initial rate, 
bat rather, after allowing for the small amount present in the previooaly 
aerated tissue, an actual rise in the concentration of —SH daring the first 
2 hours. This, as will be understood later, was due to reduction of the QS8G 
present in the added, previously aerated, liver. 

It will be shown in what follows ^t the concentration of GSH is main¬ 
tained at the beginning of the course because oxidation in the freshly removed 
organ is then balanced by reduUion. 

In fig. 1b are assembled curves obtained from the liver of animals kept 
without food (but given water) for 48 hours before the eiqteriments were begun. 
It will be seen that the initial maintenance of QSH concentration is no longer 
seen when food has been thus withhdd. It must be remembered that the 
contents of rabbits’ intestines vary much during abstinence from food and some 
lack of uniformity might be e:qteoted. Neverthelees in four out of seven oases 
the oonoentration is seen to fall stee|dy from the very first without any indica¬ 
tion of the delay chataoteiistio of livers from well-fed rabbits. In two othem 
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fall during the first 2 hours is marked enougL In one case only (uppermost 
curve) is there approximation to the curves of fig. 1, and in case the Animal 
had been deprived of food for 24 hours only. That this result is due to a fall 
in the velocity of reduction processes is a conclusion fully supported by other 
evidence. That it depends upon the disappearanoe, during fasting, of meta¬ 
bolites which act as hydrogen-donators seems equally clear. Before proceeding 
to discuss other evidence for this conclusion, however, we may draw attention 
to the results of a few experiments precisely similar in method to those just 
described but carried out at 37°. With the increased velocity in all processes 
at the higher temperature the concentration of hydrogen donators will Himmiah 
more rapidly, and though we made the first estimation after one hour instead 
of two this interval in some oases was too long for the complete balance between 
reduction and oxidation to be evident. The results obtained at this tempera¬ 
ture from well-fed rabbits were irregular (fig. 2) but yield evidence folly 
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Fto. 2.—Rabbiti* liveie, Reaulta to ihoae of fig. 1. but obtained at 87® C. A« 

well-fed animals; B, fasting. 
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ooofitming those obtained at the lower tempeiataie. In all oases the vdooity 
of the oxidative disappeaianoe is notably less during the first hour than during 
the second or subsequent hours, a ciroumstanoe not seen in the case of livers 
of ^Tiivnitlii previously deprived of food (fig. 2b). Indeed, a comparison of the 
ourves of fig. 2 no less than those of fig. 1 show plainly enough the influence 
of the nutritional condition of th^ liver upon the apparent rate of oxidation. 

Further evidence will now be advanced to show that processes involving 
the reduction of glutathione continue during the aeration of the surviving tissue 
and account for the apparent relative slowness of oxidation during the earlier 
periods of survival. With lessened velocity they continue indeed throu^out 
the duration of the experiments, so that the observed rate of the disappeaianoe 
of G8H is always a resultant of the opposed processes of reduction and oxida¬ 
tion. This is shown by the fact that if in the course of an aeration experiment 
such as those just described duplicate samples are removed at say, the fourth 
or sixth hour, one being titrated at once, while the second, after evacuation 
of the containing vessel at the pump, is allowed to stand anaerobic for a period 
of 2 hours or so before titration, a marked return rise in the concentration of 
SH is always observed. 

In an organ with its circulation intact the oxidised form of glutathione may 
exist in dynamic equilibrium with the reduced form, but in an excised organ, 
even though the exposure of its constituent colls to lack of oxygen has been 
brief, the whole would seem to be reduced or nearly so. This is indicated by 
the circumstance that when the disulphide form is added to the tissue it promptly 
suffers reduction. 

When indeed, as we are now to show, the concentration of the disulphide 
form is made adequate, the velocity of hydrogen transport is so much increased 
that even during a period of vigorous aeration the concentration of the thiol 
form rises instead of falling. 

This is illustrated by the ourves of fig. 3 a. Of the pair with broken lines 
the lower is an ordiiuuy curve furnished by the liver of a rabbit previously 
deprived of food. The upper is from the same liver, but to each sample yield¬ 
ing a point on the curve 100 mgm. of OSSO had been added before aeration. 
It is seen that after this addition the sharp &11 in OSH charaoteiistio of the first 
2 hours of aeration is replaced by a slight rise. As might be expected from 
what has gone before the phenomenon is much mote marked in the liver 
of a well-fed animal. This is shown by the unbroken ourves of fig. 3 a. The 
lower is a normal curve, the upper is from the same liver with 0880 added as 
jtfst described. In' spite of the aeration the customary plateau is replaced 
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by a 60 pet cent, increase in the ooncentiation of GSH, as at the 

end of the second hour. The rate of reduction during the first 2 hours was 



Fro, 3.—A. Showing efieots of adding GS8G. CaUimuMt limu ; the lower ouire shows 
the nornuil oonne of disappearance of —SH from liver of a well-fod rabbit; the apper 
OTirve was given by the same liver when 100 mgm. of GSSG had been added, before 
aeration, to each sample titrated. Broktn liw showing results of a similar experi¬ 
ment with liver of fasting rabbit. Temperature 17^ G. B. Effect of inaotivatiiig 
reducing systems in tbo liver. Curve Oi, normal course in liver tissue of well-fed 
rabbit; linear fall in oouoentration of —SH in same tissue previously heated to 
C. for 1 hour; and bg, a pair of similar ourvee from liver of a second individual i 
0 , from liver of a third individual, linear fall after previous heating to C. Tempera¬ 

ture during aeration 10^-17^ G. 

thus notably greater than that of oxidation. It should be noted, though the 
result is not shown in the figure, that the oxidation of the GSH (that derived 
from the GSSG added no less than that naturally present), was complete by 
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As te&A hoax. Thew obBervatioiiB wue made at 17° C. In fig. A ▲ and B, 
wiU be found aurree ahowing the same {dienomena as they oooor at 37° 0. 



A. B. C. 

Fn. 4, A tad a. Corra dmllar to thwe of flg.Sa but from expatimanto at 37^ 0. ITwy 
show the rmolt of adding OSSObcfonaarotion. Fig. doahowa the rapid diaappeaniwa 
of —SH from lirv of farting rabbit aerated at 87* C. after preliminary to 

50*0. 

The efieotof inaotiyating the reducing eyatem or ayttema in the Uyar should 
next be noted. This is aooomplished by heating the chopped tisane to 30° 0. 
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before aerstdoii. The result is illustreted hj the curves of fig. 3b. The upper 
peir with oontinaous lines are from the same liver. The iq>permost is the 
normal curve, the animal being weU fed. The companion curve was given 
when each of the samples titrated had been heated to 60^ G. for 1 hour before 
aeration. The dotted lines show the results of a precisely similar experiment. 
The lowest curve in the same figure again shows the oxidative fall in OSH con¬ 
centration in the case of another liver heated to 60° G. for an hour; no control 
being in this case carried out. Yet another case of the observed course of 
oxidation in a liver so heated is given in the upper curve of fig. 6. All these 
results were obtained at room temperatures; fig. 4o shows the same 
phenomena at 37° C. That the reducing systems are greatly reduced in 
activity by heating at the temperature mentioned is shown by the two lower 
curves of fig. 6. Of these the continuous line gives the results from a heated 
liver; the lower, dotted line those from the same liver when GSSG had 
been added before aeration. No rise in G8H concentration like that 
in the experiments of figs. 3a and 4 is here displayed, and no apparent 
delay in oxidation during the first 2 hours. It might be suggested 
that the effect of heating is due, not to the destruction of thermo- 
labile catalysts, but to the exhaustion of the actual processes of reduction owing 
to their acceleration at the high temperature. Since in the excised tissue 
the GSSG is from the outset fully reduced, this could only be the case if reduction 
were accompanied by oxidation during the heating. We have found, however, 
that the result is precisely the same when the tissue is heated at 60° G. in fully 
evacuated vessels. 

It is noteworthy that the rate of oxidation of GSH in livers after heating 
to 60° has in all experiments proved to be linear throughout. The explanation 
of this cannot, in the circumstances of our experiments, be ascribed to the 
oxygen supply as a limiting factor in the velocity of oxidation. It would 
seem rather that a catalytic agency which determines the oxidation of —SH 
remains saturated throughout. This cannot be the oxidase-cytochrome 
system of Keilin, or Warburg's “ Respiratory Enzyme," as the presence of 
a high concentration of GO is quite without effect upon the rate of oxidation. 
It cannot indeed be enzymio in nature as it remains intact when the tissue 
is heated to 70° G. for an hour. The system is cyanide sensitive, however, 
and the catalyst, to judge from Meldnim and Dixon’s observations, may 
well be iron in combination with cystine. The amount of the latter 
necessary to supply sufficiency of an active compound of the kind would, of 
oouise, be «n\aM ; much less than ooold be detected by any colour test. 
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An experiment in which a snbetanoe (2 animo-phenol-4-ftulphonio acid), 
claimed by Eichholts (1929) and others to be an inhibitor of iron oatalyaia, 
was added to the tissue in a concentration of 1 in 260 showed no inhibition. 
Pyrophosphate M/30, however, undoubtedly inhibits, and so does a« 
dipyridyl. 



H 

Pio, fi,—Showing absence of rise in —8H 
concentration on adding QS8Q to well- 
fed rabbit's liver pieviouidy heated to 
fi0° C. Lower oontinuoua line shows 
normal linear f aD in —SH ; dotted line 
applies to same heated liver after 
addition of GSSG. The upper oon- 
tinnons line again shows linear fall in 
the heated liver of another rabbit. 
Tempentore 17° 0. 
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Fio. 6.—Effects of 00 and KON. Upper 
tioo curves, oonUnuous line displays 
nomial disappearance of —SH ; dotted 
line, disappearanoe of —SH from same 
rabbit liver in presence of 78 per cent. 
CO and 10 per cent. Of Lower ikree 
curves. The lower pair again show 
disappearance of —SH in presence and 
absence of CO. The upper line shows 
the inhibitoty effect of M/400 KGN. 
All three curves from the same rabbit's 
liver (fasting). Temperatnre 17° C. 


In fig. 6 the two upper curves show respectively the course of oxidation in 
air (continuous line) and in a mixture containing 78 per omt. CO and 10 per 
cent. 0| (dotted curve). The effect of 00 is clearly negligible. In the same 
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figure the three lower ourvee show restdte obtained from the liver of another 
animal. The lower pair show as before the absence of inhibition hj CO« 
while the uppermost of the three show the effect of adding M/400 KGN. 
Such inhibition by the latter might be supposed to lack significance since, 
as is well known, cyanides reduce the disulphide form in alkaline solution. 
At Ph however, and with the above concentration of cyanide, the 

reduction is very slow, as special experiments have shown. It was probably 
without effect upon the curve in fig. 6. 

Livers of Oxen and Sheep .—Behaviour in these is essentially the same as in 
the livers of rabbits, except that the processes are characteristically slower. 
We were unable, however, to control the food intake of these animals. Their 
fivers were obtained from the slaughterhouse and any information obtainable 
as to the hours of previous feeding was always vague. 

Fig. 7 refers to two ox livers studied at 20° C. Each pair of curves shows 
the observed rate of oxidation in one of these; the lower curve with no addition 
made, the upper after adding GSSG. To judge from the experience with 



Hours 


Fio. 7 .—Ox Livers, Bednotlon of added —SS— and disappearanoe of —BH on aeration. 
The oontinuons lines rafer to the liver of one individual, the broken lines to that of 
another. The upper curvea in eaoh oase show the efiFbot of a ddin g 100 mgm. GSSQ to 
* each 10 gtn. aampls at the beginning of aeration. Temperature 20° C. 
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tabfaite the 'upper pair lefete to an animal zeoentlj fed and the lower pair to 
one kept longer without food. Kg. 8 dejuota rendte from a ii otfier liver m 
■rniil^T oiroumstanoee but at S7^ C. 

Fig. 9 refers to a sheep's liver, again with like treatment; temperatiire 20° C. 




Fio. 8.—Ox Uw. Redaction of added Fm. 9.—Sktepf Uvm. CSiangM in eoo* 
—88— and disappeannoe of —8H on oentration of —SH during aeraticn. 

aerati(». The upper curve ahowi the Uppw ourve after addition of GSSQ, 

effect of adding GSSQ. Temperature lower eurve without. Tempcntuie 

37* C. 17* C. 

Cat Lwen ,—^For some reason the liver of the cat shows a muoh higher 
oapacit 7 for reducing Q8SG than that of any other animal studied. This 
sometimes appears in the low velocity of the observed rate of ozidatian in 
livers aerated without any addition. The three curves of fig. 10 were obtained 
from such livers. The upper curve was from a well'fed animal, the two lower 
from animals that had received no food (but were given water) for 48 boon 
before the experiment. It will be seen that the apparent rate of ozidatioa was 
relatively very slow. The control curves in figs. 11 and 12b show, however, a 
higher initial velocity, but variations in the metabolic condition of the fiver 
may well be expected. 

The high leducmg capacity of the oat's fiver is shown oonsistently la a 
striking way when GS8G is added to the tissae; the result being iUuatiated ia 
figs. 11 and 12. Ia the two latter it wifi be seen that the rise la the con- 
oantration of QSH as determined at the end of the second boor was too great 
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Flo. 10.— Oaia' Liven. Upper curve from Fio. 11 .—Livere cf wXLJtd Cota. Signifi- 
liver of well-fed animal. Two lower oance of curves aa in other Ogurei, 

onrvee from liven of fasting animals. — O — O — ohangee in —SH oonoen- 

Temperature 17*" G. tration with (upper curve), and without 

(lower curve) added G8SG. 

-O-O-fall In 

—SH in eamo liver aerated after 
heating to Sff C. 

— □ — □ — from liver of seoond oat 
at 17® 0. 

— X — X — from liver of third oat 
at 87® 0. 

to be demonstrated on the figure without abbreviation. This large rise 
oconired in qiite of the vigorous aeration used in the experiments. 

But the cat liver shows a remarkable contrast with those of the other nnimnU 
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Fio. 12.—Livtn cf ftuting Cat»,—A and B. Idantloal ezpoiiiiiente on two Indliidaato. 
Temperatnn 17** 0. 

— A — A — normal oonne of change in —6H daring aentlan. 

— X — K -I- after preriou heating to 60* C. 

— 0 — 0 —after adding 100 mgnuGSSO to each 10 gnLumple. Note reiy large 
rise of —SH daring rigmooe aeration. 

Btodied in that the greatest ledudng power was displayed in the ease of annu a l s 
deprived of food instead of those folly fed (see legends of figoies). These 
facts an discossed in the next section. 

Dog Linen.—D m high reducing power of the oat liver does not seem to be 
an essential characteristic of the organ in carnivora. It does not eppear in 
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the liver of the dog. We have, it is troe, atodied only two inatanoea of the 
latter, and in neither animal waa the intake of food controlled. The onrvea 
of fig. 13 ahow, however, that though the addition of QSSG (upper curve) 



Fio. 18 .—Livers ef Dogs. Oontinuoua linM refer to one individual, broken linos to another. 
The middle pair of ourves show normal ohanges in —8H oonoentration; the upper the 
effect of adding GSSG and the lowest pair the effect of previous heating to W 0, 
Temperature 17^ 0. 

produced a definite increase of QSR during aeration it was relatively small. 
It is noteworthy, however, that the observed rate of oxidation without added 
disulphide showed no delay during the first 2 hours, so the animals may 
have been for some time without food. 

Bat Livers .—A few observations were made upon these. The results were 
in marked contrast with those given by the livers of the larger animalB. The 
velocity of the processes which reduce OSSQ appears to be exceptionally small 
in the rat liver, as was earlier indicated by experiments described in section 2. 
On the other hand, the oxidative mechanisms seem to be particularly active 
in rat livers. There is no delay in the observed rate of oxidation during the 
earlier period of aeration and no difference is produced by 30 hours of food 
deprivation (fig. 14a), while the addition of the disulphide produced only a 
very small falling off in the apparent rate of oxidation during the first hour 
(fig- 14b). 

Although the experimental results described refer to hepatio tissue only it 
is probable that, in essentials, they will hold for other tissues. We have, for 
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Fio. 14 .—Riii Livers, Normal fall in oonoentratkm of —BH; upper curve in liven of 
well'fed anlmala, lower curve in liver of animala after faating for 30 honn. B ahowa 
the rdaUvely alight effeot of adding oxidised glutathione before aeration (upper 
curve). 0, oontinuoua line, normal fall in mixed liven of well-fed rata ; broken line, 
rate of fall in same mixed tiaaue after previous heating to 60° C. Temperature 17° 0. 

instance, made a few preliminary experiments with renal tissue and the results 
justify this statement. 

t^rther ^oie on TilnUion AfetM. Now that our experimental results have been 
presented it may be well that something ahould be added to what was said in the last 
aeotion ocEnoeming the adequacy of the titration method as employed by ua. Tnnnioliffe's 
method is often suspected of giving resulta that are too high. KUhnau, however (loe, cit) 
after Investigating the matter with much care, has shown that no known metabolite likely 
to be present in triohloraoetio acid extracts from the liver exerts such power of iodine 
absorption as to affect the end point appreciably when GSH is titrated. He supplies 
further evidence to auggeat that any such interference by unknown metabolites is unlikely. 
It is ponihle that series of titrations may give ** uniformly *’ slightly high flgures. Our 
experience shows this to be unlikely, but In any case the aotoal form of the corves will be 
unaffected. It is evident that whan, after adding the oxidised form of ghttathicme to the 
liver tissue, a large rise in the iodine tiWatlon figure is oboerved during the early period of 
aeration, this can, onfy be due to an increase in BH; radootUm then temporarily out¬ 
balancing oxidation. However great this rise the titration figure during oontinfiwl 
aeration olUmately falls to aero. When then in other oiroumatanoes we find that the tiWa- 
tion figures during the earlier houn of aeratiem may show either an increase, no ohanga^ or 
a relatively slow deoreaae; whiles later, the faU is in all oases nme rapid and oontinuoiiia | 
it oannot be doubted that the apparent delay in oxidation so indicated is due to tiie oon- 
tiananoe of normal reduction pro c eaaea of greater or leas activity, which, later, inasalaed 
tisanei, become exhausted* 
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§ IV. —^Dzscussion. 

The experimental resulte described in the foregoing section show that the 
reduced form of glutathione, when present with its various normal associations 
in hepatic tissue, is oxidised to the disulphide form by molecular oxygen, the 
titratable —SR group gradually disappearing during the survival respiration 
of the excised tissue. From the livers of rabbits, for example, it may disappear 
as the result of 6 to 8 hours' aeration at room temperature, the time var 3 rmg, 
of course, with the original concentration, while at 37’’ C. it may become wholly 
oxidised in 3 hours or leas. 

Such apparent rates, however, are resultant rates due to associated reduction 
and oxidation. Processes which reduce the SS group of the oxidised form 
continue during survival respiration, their velocity depending primarily upon 
the existing concentration, or the rate of activation, of certain hydrogen donators 
in the liver cells. The velocity of the oxidation of the reduced form as observed 
has, therefore, a resultant value depending upon the progress of two opposed 
reactions. 

The existence of these relations is shown by the following evidence. First, 
by the circumstance that when the liver tissue is thoroughly aerated the con¬ 
centration of GrSH does not necessarily fall at all during the earlier period of 
survival respiration. It may remain constant (at room temperature) for 2 
hours or more, and only then display the fall due to oxidation. This behaviour 
was shown consistently, for instance, in our experiments on the livers of well- 
fed rabbits (fig. 1). In other cases there may be an actual rise in the con¬ 
centration during the earlier stages of aeration, though it is always followed by 
a fall and, ultimately, by the disappearance of the titratable — SH group. 
That in the first case oxidation is temporarily balanced by reduction, while 
in the other cases, in spite of an ample oxygen supply, the latter predominates, 
is shown by the drcumstonco that in all cases if the liver tissue be heated to 
50^ C., a treatment which greatly lessens its capacity to reduce GSSG (fig. 6), 
then from such heated tissue the QSH disappears during aeration with a 
velocity which is linear from first to last (figs. 3a, 4c and 5). Moreover, at a 
late stage in the survival respiration of the unheated tissue, when the oon- 
centiation of OSH has fallen to a fraction of its initial value, if the conditions 
are then made anaerobic, a return rise in its concentration follows, showing that 
reduction processes continue, though with falling velocity, throughout the 
oooise of the oxidative disappearance. 

That the velocity of reduction is greatly afibeted by the oonoentration of 
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metabolites capable of acting as hydrogen-donaton ia indicated the zeenlt 
of varying the nutritional condition of the animak. lYhile, for instanoe, in 
the liver of a well-fed rabbit reduction and oxidation ace so balanced during 
the early stages of survival that the concentration of GSH remains nearly 
constant, in that of a rabbit which has been deprived of food for 48 hours before 
the experiment oxidation is from the first mote rapid than reduction and the 
concentration falls sharply in the earliest stages of aeration as well as in the 
later (figs. 1 and 2). 

The observed rate of oxidation may vary in livers from different species of 
animal, even, it would seem, when the nutritional conditions ace the same. 
Of the animals employed, however, full control of the diet was only seonred in 
the case of rabbits and cats. In the former, as already stated, celativdy brief 
deprivation of food leads always to a decrease in reduction processes in the liver, 
and, therefore, to an apparent increase in the rate of oxidation. This, we have 
reason to believe, occurs in most other speoies, but the cat would seem to form 
a striking exception; a circumstance which will bo presently discussed. 
Whatever the nutritive condition it is probably true that the oxidation of 
GSH in the livers of oxen, sheep and dc^ (figs. 7, 9, IS) is slower than in that 
of rabbits. 

In any endeavour to appraise the significance of the respiratory phenonjpna 
in question a fundamental dreumstance should be borne in mind. The 
pressure head—so to speak—of active hydrogen, capable of reducing the S8 
group of oxidised glutathione, may be quantitatively important. It is, as we 
have seen, an influence which always limits the observed velocity of —SH 
oxidation, but its magnitude in certain conditions is fully demonstrated only 
when the concentration of glutathione in the tissue is increased by adding an 
excess of the oxidised form (figs. 3 a, 7,11, et ol.). When, after this addition, 
the progress of survival respiration is foUowed it is fotmd that, in spite of brisk 
aeration of the tissue, there may be, during the first hour or two of survival, a 
large rise in the concentration of GSH. The velocity of reduction then notably 
exceeds that of oxidation, though, ultimately, owing to the exhaustion of 
reducing factors in the excised tissue the whole of the reduced glutathione, 
that produced from the added oxidised form no leas than that naturally present, 
is oxidised. The preliminary rise is for more marked in liven from well-fed 
rabbits than in those from rabbits deprived of food. In the f ormer the con- 
omtaration of GSH may show an increase of 70 per cent, when estimated at the 
end of the second hour of aeration (see figs. 91,4). For the sa m e behaviour in 
the case of the ox liver see fig. 7, and for the dog Hver see fig. 19. The rise 
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after adding GH9SG ia exceptionally prominent in the oaae of the oat. In all 
oiroumBtuioeB indeed the liver of that animal diaplays high capacity for main¬ 
taining glutathione in a reduced condition. It will be seen from the curves of 
fig. 10 that the observed velocity of oxidation of GSH in cat livers, when no 
addition has been made, is commonly much slower than in the livers of rabbits. 
Since this is almost certainly due to the circumstance that reducing processes 
are more active, it is not surprising that the GSH concentration rises with 
exceptional rapidity after the addition of GS8G to the tissue. Remarkable, 
however, is the circumstance that, in the case of the oat, previous deprivation 
of food for 48 hours increases this activity in the liver instead of decreasing 
it as with rabbits. In one experiment with such a liver, in which excess of 
the disulphide form was added to the samples before aeration at room tempera¬ 
ture, the concentration of the thiol form at the end of the second hour of aeration 
showed on titration a fourfold riae. In another precisely similar experiment it 
rose, in spite of the usual vigorous aeration of the tissue, to six times its initial 
value. In the liver from a fully-fed cat, on the other hand, it rose to 2^ times 
the initial value only. These results, as obtained at room temperature, are 
reproduced in figs. 11 and 12; fig. 11 shows the rise after 26 minutes 
at 37° C. As in all other cases, continued aeration results ultimately in 
complete oxidation of the thiol group. This noteworthy difference in the 
effect of food' deprivation upon the systems which reduce the disulphide 
group in livers of cats and rabbits respectively is not easy to explain. 
It is possible that it is a difference between carnivora and herbivora, though 
we have not established this. We were not able to control food uptake in the 
case of oxen and sheep and we have not cared to work with dpgs intention¬ 
ally deprived of food, so that our experiments are not conclusive upon the 
point. In any case, however, the high reducing power shown by the oat’s 
liver under all circumstances is not paralleled in the case of the dog’s organ. 
It is possible to think that in the rabbit the metabolites, which serve as hydrogen 
donators in the reduction of GSSG, are directly derived from the gut and dis¬ 
appear in the absence of food, whereas in the oat they appear in greater con¬ 
centration when the liver stores are mobilised as the result of food deprivation. 

We have made relatively few observations on the livers of rats, but the results 
have been consistent. They are in sharp contrast with those obtained from 
the organs of larger animals and especially with those given by oat livers. 
Observations mentioned in section 3 (a) indicate that the reduction of GSSG in 
the rat liver is notably slow, a fact fully confirmed by the aerobic experiments. 
The apparent rate of oxidation is exceptionally fast throughout, and shows 
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littla or no delay dniing the earlier periods (rfaention; while additioa of GS80 
resoha in bat a very "mall in the iodine titration figorea (figp. 11a and 11b). 

Theee faote may perhaps point to some general oharaoter in the hepatic 
metaboliim theee snudl animals of which the behaviour of ^utathione ia an 
indioator. ^ 

Nevertheless prooesMS which reduce glutathione are not absent from the 
liver of the rat. This is shown in the anaerobic eiqierimenta, and by the 
drcumstanoe that when the tissue has been heated to 60° C. the oxidation of 
OSH is notably accelerated (fig. 14o). Hydrogen transport to oxygen 
undoubtedly occurs, but it would seem that daring life the dynamic 
equilibrium SH SS may be maintained in the rat at a level different 
from that which exists in the livers of the other aniuials studied. 

The facts which have been discussed peld evidence, then, that while the 
oxidation of reduced glutathione is, in the hepatic tissue, a continuous process, 
ts concentration may nevertheless be maintained by the continuance of 
reduction processes. In the case of the excised tissue tliis is shown plainly 
enough in the early periods after excision, while at later stages of survival 
respiration the progress of oxidation is uncovered by the partial exhaustion of 
reducing factors. It is probable that while the organ is in niu, with an intact 
circulation, the concentration of hydrof^n donators, and therefore the oon- 
ceotration of the thiol group, is maintained at some average level. In any 
ease it would appear certain that hydrogen in no negligible amount is con¬ 
tinuously transported by this path from tissue oonstituents to molecular 
oxygen. 

We may endeavour to decide what oxygen uptake is represented by such 
transport. If, as the absence of inhibition by CO (fig. 6) indicates, the avail¬ 
ability of oxygen for this system does not depend upon the functions of the 
oxidase-cytochrome system or of the " Atmung^ferment,'* the proportionate 
uptake, to judge from the olasaioal work of Keilin and Warburg, must be 
expected to be relatively small. 

It is Intimate to suppose that the real rate of oxidation of OSH in the tissue 
is that displayed when it is not cloaked by redaction* In fig. 4 (o) is shown the 
linear fall in its concentration, observed at 37° C., in the liver of a rabbit 
previously deprived of food for 48 hours, the tissue having been first heated to 
60° C. Beduction prooeases being thus nearly aliminat«d, the velocity of 
oxidation was near its maximmn for excised tissue. The GSH present (34*8 
mgm. in 10 gnu of tissue) was completely oxHisfid in 1} hours. Thi* will be 
found on oaksulatioh to oonespond to an uptake of 41 of oir^gen per 



BdaUon of Glutathione to CeU BespinUion. 95 

gm, of tuBue per hour* This figure is at best only proTiskmal, and since the 
rate of respiration in Burviving mammalian livers is still under discasaion (see 
Dixon and Elliott, 1929, and Warburg ptMsim) it would be premature to 
decide what actual proportion of the whole it represents. It is doubtless a 
small fraction. 

The actual signifioance of such a relatively small fraction of metabolism 
cannot, however, be appraised until the nature of the whole system involved 
in its progress, and its relation to other systems, are known. At present the 
nature, alike of the hydrogen donators concerned in the reduction of glutathione, 
and of the mechanisms which activate them, is uncertain. Tlie latter are 
partly destroyed at 60° C., and this Keilin has shown to be true of dehydro- 
gennseg in yeast. One of us (Elliott, 1928) has found, however, that the suociuio 
acid dehydrogenase and the purine dehydrogenase in the presence of their 
substrates are both incapable of reducing GS8GI, and the same is true of other 
dehydrogenases since tested. An adequate reduction potential does not seem 
to be established by any of these known systems. Bo far, moreover, no known 
metabolite has been foimd which when added to liver tissue increases the rate 
of reduction. 

Some time ago one of us (Hopkins, 1920) showed that proteins which display 
a ** fixed SH group ” reduce GSSG and suffer some form of oxidation under its 
influence. This observation has been often confirmed since, but as a pheno¬ 
menon it can play but a small share in the hydrogen transport that we are 
considering. It cannot, for instance, form part of the reducing mechanisms 
which are destroyed at 60° G. 

Meyerhof’s experiments (1923) have shown that the —SH group catalyses 
the oxidation of fats, but, according to that author, as a specieH of oxygen 
activator rather than as an agent for hydrogen transport. This circumstance 
indirectly adds importance to the system with which we are concerned, but if 
the facts have been rightly interpreted it has, of course, nothing to do with the 
reducing systems of which the nature is in question. The same applies to the 
production of hydrogen peroxide during the oxidation of SH, which, as Thurlow 
(1926) has shown, may, in the presence of peroxidase, bring about secondary 
oxidations. 

We do not know then the source of the hydrogen which reduces GSSQ, or, 
in other words, the tissue constituents which suffer oxidation by the particular 
prooess of hydrogen transport with which this paper is concerned. If they or 
the mechaniuns which activate them should prove to be specific the interest 
of this aspect of tissue respiratiou will increase, particularly as in respect of 
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oxygen aoiivation it ie abo apeoialiied» being apparently independent of the 
oxidase cytoohrome system or Warbuigb Bespiratoiy Bnsyme. An 
endeavour to define the hydrogen donators is in progress. 

A very noteworthy oiroomatanoe is the contrast between the behaviour of 
glutathione in the survival respiration of mammalian tissues^ as shown by our 
experiments, and the great apparent stability of the thiol form in the yeast 
cell as demonstrated by Meldrum (1930). 

Meldrum’s observations suggest, though they do not perhaps oonolusively 
prove, that the constancy of the 8H concentration in respiring yeast is not 
due to its maintenance by reducing processes. If it be independent of these 
the Iiinction of glutathione in animal tissues and yeast respectively must be 
different. The question certainly deserves further study. 

There is one consideration to which no attention has yet been given. Bierioh 
and Kalle (1928) and others have shown that glutathione undoigoes hydredysis 
in the excised liver. The question therefore arises as to whether in the experi¬ 
ments described oxidation of the thiol group may not have occurred, at any 
rate in the later stages of the process, in free cysteine rather than in the intact 
tripeptide. There is no doubt that adequate aeration and controlled pa much 
delay the onset of autolytic processes. In view of the above possibility we 
nevertheless endeavoured to estimate by Sullivan’s method the free cystine 
present towards the end of oxidatitHi. For some reason the method in our 
hands proved unsatisfactory from a quantitative standpoint when applied to 
liver extracts. We finally came to the conclusion that a small amount of 
cystine, equal to some 10 per cent, of that in the tripeptide, may be free at the 
end of the fifth hour at room temperature, though it does not foUow that all is 
derived from glutathione. By that time, however, the greater part of the 
oxidation of the SH group has been completed. 

SmOfABY. 

The relative capacity of various mammalian tusues to reduce the disolphide 
form of glutathione under anaerobic conditions has been determined. 

The coarse of the oxidation of the thiol group during the survival respiration 
of the hepatic tissue of various animals has been fdlowed. 

During the earlier periods of aeration after excision, the ^ in the oon- 
cimtration of --BH in the liven of well-fed animals is slow. It may indeed 
remain constant for some time, or even rise. Such delay is, however, always 
followed by a progressive fall, and, ultimately, by the complete oxidation of 
the thiol group in the tissue. 
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Ifc if Bhown tiiat the preKminary delay is due to the oontmoanoe doling 
Borvival leapiration of redoomg prooeeses in the tissue. The rate of dis¬ 
appearance of —BH, as observed, is the resultant of associated reduction and 
oxidation. The agencies responsible for the former become gradually exhausted 
in excised tissue, and the observed velocity of oxidation then increases. 

That the concentration of certain metabolites in the liver is wholly, or in 
part, responsible for the maintenance and amount of reduction is shown by the 
effects of administering or withholding food. In general the initial marked delay 
in the disappearance of the - SH group during aeration is observed only in 
the liver of well-fed animals; after relatively brief periods of fasting it is much 
lessened and may not be observed. 

That tbermolabilo catalysts are concerned in the reducing processes is shown 
by the droumstanoe that if the liver tissue be heated to 60° G., under anaerobic 
conditions, before it is aerated, the observed disappearance of —SH is much 
more rapid. It is then continuous from the first and follows a linear course. 

If extra glutathione in the disulphide form be added to the freshly excised 
tissue before aeration, the existence of residual active hydrogen is revealed. 
In spite of vigorous aeration the concentration of —SH then rises during the 
earlier periods of survival, though ultimately the whole is oxidised. The 
amount of this extra pressure-head of hydrogen consistently differs in the 
livers of different species. In that of the cat the concentration of —SH may 
reach six times its initial value before the fall which leads to its ultimate 
disappearance b^fins. In those of the ox, sheep, rabbit and dog the rise is 
marked but less considerable. In the liver of the rat, in which the oxidation 
of —SH is exceptionally rapid, it is scarcely to be seen. 

The origin of the active hydrogen which reduces the disulphide grouping is 
at present unknown. Carbon monoxide does not inhibit the oxidation of the 
thiol group, which is therefore not due to the influence of iron-hsematiii com¬ 
pounds. It is almost certainly catalysed by iron in some association however, 
being inhibited by cyanides and pyrophosphates. The oxidation is not 
ensymio as it prooeeds normally after the tissue has been heated to 70° C. 

The transport of hydrogen to molecular oxygen by the path in question, 
though representing but a small part of the total respiration, may therelote 
prove to represent a specialised and significant aspect of tissue oxidatums. 

Three of the curves reproduced in the paper were obtained independently 
by W. J. Dann. A great part of the manipulative work involved in the 
experiments was carried out by B. J. Morgan. 
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Interfadal Tension and Hydrogen-ion Concentration. 

By Rudolph Albkbt Pbtkbs, from the Department of Bioohemistiy, Oxfoid. 

(Communicated by C. N. Hinshelwood, F.B.8.—Received April 29,1931.) 


Abstrael. 

(1) Long chain carboxylic acids dissolved in benzene show regular changes 
in interfacial tension against aqueous ** buffered ” solutions ae the hydiion 
concentration of these is altered. A fall in interfadal tendon starts at ps 
6'6 and extends over the range of 4*0 pn units to ps. 8*3 appioximatdy, 
tending to vanish at this point. The curve is not identical with a dissociation 
corve, though it extaids over the same range of j>h> For a given pn 
results are identical for phosphate and g^yoine " bnffeied ** solutions, and for 
all adds investigated, except caprio add (Ci,), whidh shows an abnormality 
for phosphate. 

(2) Hexadecylamine shows similar ohangee, in the opposite aense between 
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apprazimfltel^ the Bame nuigOi whibh follow the diasooiatioii curve of a 
weak base rather closely. 

(8) The and of —COOH and —NHg in the interface can be calculated 
approximately from these results to be 3-2 X 10'^ and 1-0 X 

(4) Ethyl palmitate shows a fall of similar type to that for the carboxylic 
acids, but starting at a more alkaline point. Hexadecyl alcohol exhibits no 
change. 

Some Bidlogioal Consideraiiona. 

The biological application of these results deserves some comment. The 
effects studied here occur over the range of pn which is the mean reaction of 
the living cell pu 7 -3. At this reaction, simple adds and bases in true aqueous 
solution would be completely present as salts. At the inteibce this should 
not be so, and therefore these groups might take part in dynamic actions of 
the cell. 

It is surely significant that the curves for amine and carboxylic acid cover 
approximately the same pj|. A problem of some interest in living matter is 
raised by the presence of fatty substances in interfaces and tlieir probable 
exposure to varying H-ion concentrations. Why do they not tear the cell to 
pieces ? It is likely that the living cell is buffered against changes in interfadal 
tension in its various parts. Such buffering must readily take place with a 
mixture of amine and an add such as the above. A few experiments witli 
a mixture of amine and carboxylic acid in benzene indeed indicate that this is 
so ; such a mixture showed the following I.T. at various pn :— 

6-4 6*3 8-0 10-42 

9-40 13-8 19-7 6-15 

At either extreme of reaction there was definite evidence of “ tension ” buffer 
effect. 

The view that muscular motion might be produced by changes in surface 
tendon (Bernstein) has been variously treated, receiving support from Hartndge 
and Peters (Zoo. oiif.), and adverse oritidsm from Harkins, Davies and Clark,* 
ftnd A. V. Hill.f Hartiidge and Peters (Zoo. cU,) pointed out that if COOH 
groups fonned part of the protein structure of the oontiaotile mechanism of 
a muscle, their work indicated the way in which changes of interfadal tension 
might be caused by changes in Ch* Later somewhat similar views have been 

* * J. Amsr. Ohsm. Soo./ voL 89, p. 854 (1017). 
t ‘ Eroo. Roy. Soo.,* B, voL 98, p. 506 (1925). 
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advBOoed by Oamfir* and Meyer.f Definite evidence bee been here ptodooed 
that —NH| as well as —COOH gtoupa can take part in snob effeote. The 
gtonndwork for tbe theory that protein stmotuie may react to eipeiimental 
variationB in pa by mechanical changes therefore exists, though recent woiric 
(Meyerhof) suggests that masoular contraction may not be ■—<Kiated with 
changes in pr. 

It is well known that certain cells of the central nervous system (the so-called 
respiratory centre) are sensitive to changes of pa of tbe order of 0*02, and 
probably rather less. At a pn 7*4, 0*01 p^ corresponds to a change of about 
0‘14 dyne for the amine and rather less for the adds. It is quite possible that 
this is sufildent to initiate the appropriate response. 

{The fuU paper u printed tn ‘ Proceedings,’ A, vd. 133, pp. 140-154.) 

* ' Proo. Eoy. Soo.,’ B, voh 99, p. 40 (1926). 
t ‘ Bkwhem. Z..’ rol. 214, p. 253, and vol. 217, p. 438 (1929). 
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Studies on the Flexor Reflex. VI.— hihibUion. 

By J. C. Eccles, M.A., D.Phil., Research Fellow of Exeter College, and 
Sir Charles Shekhihqtoh, O.M., F.R.S., Physiological Laboratory, 
Oxford. 

(Received August 21, 1931.) 

[Plates 8, 0.] 

I. Introduction. 

Since it was first described (Sherrington, 1907 ; 1909; Sherrington and 
Sowtou, 1911), inhibition of the flexor reflex by stimulation of contralateral 
aCereiit nerves has not been so systematically studied as inhibition of extensor 
reflexes. This comparative neglect is possibly due to its frequent absence 
when sought for against the background of a tetanic flexor reflfX (Orahani 
Brown, 1914). Sherrington and Sowton (1915), however, showed that a series 
of flexor reflexes evoked by single break-shocks could be regularly inhibited 
from contralateral nerves, and by using this technique it was possible to 
demonstrate the slow passing off of inhibitory after-effect subsequent to the 
stimulation of a contralateral nerve. 

An important contribution to tlie study of inhibition was published by 
Samojlofi and Kisselcff (1927), wlio employe<l single flexor reflexes or slow series 
of single flexor reflexes as backgrounds for the investigation of the inhibition 
arising from the stimulation of contralateral nerves. Their most important 
finding was that the flexor reflex evoked by a single excitatory volley suffered 
inhibition from a single inhibitory volley (contralateral) which preceded the 
excitatory volley by intervals between 10 a and 300 <t. The present investi¬ 
gation is an attempt to study the nature of this long-lasting inhibition. 

II. Method. 

The experimental technique and apparatus have been identical with those 
described in the previous series of |)ap<*ra on the flexor reflex (Eccles and 
Sherrington, 1931, a). In all exptTiments the preparation has been decere¬ 
brate with the spinal cord cut through at the 12th thoracic segment, and in 
most the flexor muscle (tibialis anticus in all experiments, cxc.ept a few with 
•emitendinosus) has been completely deafierented. Complete deafferentation 
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has been the rule in all experiments where an antidromio volley has been set 
up. Usually a break-shock applied to the ipselateral popliteal nerve has been 
employed to evoke the flexor reflex and this has been inhibited by a single 
break-shock to the contralateral peroneal nerve. In all experiments except 
those involving a tetanic inhibition a Lucas pendulum has been used to set 
up the stimuli at known intervals apart. 

The time between the dissection and the exporimontal investigation has 
been sufficiently long for the discharge of impulses from the out nerve ends to 
cease (Adrian, 1930). Transection of the spinal cord and deafferontation 
of the flexor muscle ensure that its motoneurones are as nearly as possible 
in a resting condition when stimuli arc not being applied to the aflerent nerves. 
Successive observations have been taken at intervals usually of 1 minute in 
order to allow the spinal cord to attain a resting condition before each period 
of inhibition. All experiments deal, therefore, with the inhibition of resting 
motoneurones. 

III. Tub Ekflkx Pathways. 

Fig. 1 is a diagram of the simplest type of fibre connections involved in 
the contralateral inhibition of the flexor reflex. Stimulation applied by the 
electrodes E sets up centripetal impulses in the excitatory afferent, and these 
impulses may be incident directly on the flexor motoneurones (Eoclos, 1931). 
The impulses set up in the inhibitory afferent by electrodes I are, however, not 



Fio. 1.—^Diagram of the simpleot type of fibre oonneotiona for contralateral inhibition of 

the ipselateral flexor reflex. 

directly incident on the contralateral flexor motoneurones, for histological 
study fails to reveal the passage of any afferent nerve fibres to the contra¬ 
lateral anterior horn (Cajal, 1909). There is at least one intemuncial neurone 
in the inhibitory pathway. Electrodes A on the intact motor nerve are used 
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for setting up antidromic impulses, which pass up the motor nerve fibres to the 
motoneurones. 

For convenience throughout this paper the volley of impulses set up in the 
inhibitory afferent nerve by a stimulus applied through electrodes I has been 
called an inhibitory volley. The impulses of this volley are, of course, ordinary 
nerve impulses having no relation to inhibition. At the terminal endings of 
the fibres along which they travel, these impulses give rise to o.e.s. which may 
set up discharges in inteniuncial neurones. The impulses set up from 
these or other intemunoial neurones further on in the series, when incident on 
motoneurones, may give rise to inhibition (Sherrington, 1906, p. 192; 
1913 ; 1926). This inhibition is not a conducted state. So far as is known 
the impulses which give rise to inhibition do not in themselves differ from those 
which give rise to excitation. The differences arise at the terminals. 

IV. Experimental Investigaitons. 

1. The InhMtion of a Reflex TwiUih hy a Single InhibUory Vcttey, 

As has been shown by Samojloff and Kisseleff (1927), the flexor reflex evoked 
by a centripetal volley in an ipselateral nerve is inhibited by a centripetal 
volley in a contralateral nerve when this latter volley is set up at certain 
intervals before the excitatory volley. It lias been found that the amount of 
the inhibition produced by a given inhibitory volley varies with the size of 
the reflex against which it is pitted, the interval between the excitatory and 
inhibitory volleys being, of course, kept constant. 


Table I. 


Ck)U dlitanoo for the 
■timolui applied to the 
excitatoTy nerve. 

TexiAion of 
reflex alone, 
in gnn. 

Teuaion uf inhibited 
reflex, in grm. 

Amount of 
inhibition, 
in grm. 

cm. 

37 

364 

334 

349 average 

138 

211 

le 

1170 

1136 

1148 average 

1032 

116 

27 

287 

399 

293 avenge 

103 

190 
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In Table I measurements from such a series of observations are shown, one 
series at 27 cm. being taken before and the other after the series at 16 cm. 
The reflex alone was elicited before and after the inhibited response and the 
average tension is taken as shown in the table. The weaker reflex suffers a 
much greater inhibition than the stronger. Similar series of observations 
have been obtained in other experiments, and comparable experiments using 
tetanic excitations and inhibitions have been described previously (Sherrington, 
1909,1929). Since in the present series of experiments the reflex responses are 
reflex twitches, t.e., there is no after-discharge (Eccles and Sherrington, 1931, a), 
any reduction in the tension of a reflex must be due to prevention of the reflex 
discharge of some motoneurones. If a statistical average is assumed for the 
tension of an individual motor unit (Eccles and Sherrington, 1930, 6), the 
diminution in tension of the reflex twitch will be proportional to the number 
of inhibited motoneurones. Thus with the weak reflex in Table I the number 
of motoneurones inhibited is larger than with the strong reflex. Some of the 
motoneurones which respond in the weak reflex and then suffer inhibition 
must be included amongst those which, when taking part in the strong reflex, 
resist the inhibition. It foUows that in these motoneurones the prevention of 
reflex discharge by inhibition depends on the intensity of their excitation. If 
this is powerful, the inhibitory process may be present but without effect-^a 
condition comparable with the subliminal central excitatory state. 

In some experiments, e.g., Table II, however, the stronger the reflex the 
larger is the amount of inhibition produced by a given inhibitory volley. In 
such cases no conclusions can be drawn as to the effect which the degree of 
excitation of a motoneurone has on its resistance to inhibition. 

Table U. 


\ 


Order of 
oburvAtiun. 

Teniion of reflex 

1 alone, in gnn. 

Tenmon of Inhibited 
reflex, in grm. 

Ajnoant of 
inhibition, in gnn. 

4 

1 

, 29 

fl 

21 

S 

68 

13 

00 

7 

118 

26 

02 

6 

180 

87 

102 

3 

201 

67 

134 

S 

224 

88 

136 

1 

290 

144 

146 

6 

302 

163 

ISO 

2 

406 

227 

280 


In ill experiments the amount of inhibition diminishes when the reflex 
becomes very small, there bemg fewer motoneurones to inhibit. Even with 
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quite weak reflexes there are usually a few uninliibited motoncurones, e,g,, 
the observations of the first row of Table II. Such motonenrones are probably 
not included in the particular inhibitory field under investigation (Creed and 
Eccles^ 1928). 

If the excitatory volley be kept constant, the amount of the inhibition varies 
within limits with the strength of the stimulus setting up the inhibitory volley. 
However, with the exception of weak reflexes, the strongest stimuli fail to 
effect a complete inhibition. 

2. Time SekUions of the Inhibition following a Single InkAUory VoUey, 

When the interval by which the inhibitory volley precedes the excitatory is 
varied, the amount of inhibition changes correspondingly (see Plate 8, fig. 1). 
The relationship in any particular scries of observations is best expressed in 
graphical form. In fig. 2 the amounts of inhibition (measured by the reduction 



Fio. 2.—Amounts of inhibition in grams piottod as ordinates against the oorrespoading 
intervals by which the inhibitory volley precedes the excitatory (in sigmata). The 
base line shows the level of complete inhibition* 

in the maximal tension of the reflex twitch) are plotted as ordinates against 
the corresponding intervals by which the inhibitory volley precedes the excita¬ 
tory. The results of fig. 3 are derived from an experiment where the duration 
of the inhibitory process was much briefer. The observations from 14 other 
experiments give curves similar to those shown in figs. 2 and 3. 

When the inhibitory volley precedes the excitatory by less than 6 a to 8 a 
there is never any sign of inhibition. The shortest intervals between the 
inhibitory and excitatory volleys at which inhibition is observed usually vorj" 
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from 8 (T to 12 a in different experiments, but the interval may be as long as 
20 o. Such long intervals occur in those cases where the contralateral centri¬ 
petal volley exerts an early excitatory effect as well as an inhibitory effect on 


gin 



the flexor motoneuroncs, hence the delay in the apparent onset of inhibition. 

Further increase in the interval between the inhibitory and excitatory volleys 
Is accompanied by a progressive increase in the amount of the inhibition until 
a maximum is reached at an interval somewhere between 30 a and 80 o. At 
intervals beyond this there is a progressive subsidence of the inhibition. In 
most experiments the maximum stimulus-interval obtainable from the pendu¬ 
lum (200 o) has not been sufficient to allow a determination of the longest 
interval at which inhibition could be detected. This interval has always 
been longer than 100 o. 

This simple type of curve with a smgle maximum has been obtained in all 
experiments; with the muscle deafferented or undeafierented (as was the case 
with the experiments of Samojlofi and Kisselcff); with semitendinosuB as 
well as tibialis anticus ; and with inhibition from either peroneal or popliteal 
nerves. The sise of the inhibitory volley has no appreciable effect on the time- 
relations of the resulting inhibition, c.g., the latent period or the total duration^ 
but, of course, it affects the depth of the inhibition at any particular time. As 
the ordinates can at best be considered proportional to the numbers of inhibited 
motoneuronea, the intensity of the inhibition in the average motoneurone has 
no direct relationship to the reduction of the reflex response, but it seems safe 
to assume that the greater the number of inhibited motoneurones the more 
inteDie is the inhibition of the average motoneurone. 
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3. Summation of Inhibition. 

(A) With Ttoo Inhibitofy VoUeys .—^When two similar mhibitory volleys 
and I| in the same nerve are separated by a short interval, an ensuing reflex 
twitch suffers an inhibition greater than that produced by either volley alone 
(see Plate 8, fig. 2). Table III shows four such scries of observations with 
different 1^ intervals. Since the distribution of the effect of the weaker 
volley must be completely overlapped by the stronger, this extra inhibition 
indicates that the two volleys arc able to inhibit some motoneurones which 
apparently are unaffected by a single volley. 


Table UI. 


1. 

2. 

3. 

4. 

fi. 

Order 

Stimulua-intervala, 

Amount uf 

Amount of 

Amount of 

of 

E signiSea the 

inhibitiun by 

inhibition by 

inhibition by 

obeervatiun. 

oxoitatoty voUey. 

olono, ill gnn. 

li alono, in gnu. 

I, 1- I„ in gnn. 

3 

Ii 5 o, I, 33 a K 

347 (3) 

373 (3) 

423 (4) 

1 

I, 8 a, f, 33 a K 

368 (2) 

355 {2) 

428 (2) 

4 

I| 24 (T, I| 33 o K 

355 (3) 

333 (3) 

425(4) 

2 

li 41 o, 33 o K 

1 343 (2) 

307 (3) 

1 

423 (4) 


Note.—Tho flgurM in bnu^keU In coluniiti 3, 4 and 5 are the numbem of oUervations 
aTer&ged to give tho yaluen Hhown. 


It is conceivable that this effect could be duo to facilitation between the 
inhibitory volleys when incident on the internuncial neurones which always 
exist in the inhibitory pathway (sec jig. 1). Increased inhibition would 
result from the impulses so set up in additional internuncial neurones, but this 
inhibition should be much greater with short I^ I^ intervals, for only under 
such circumstances is facilitation likely to be appreciable (Eccles and Sherring. 
ton, 1930, a; 1931, b). But in all experiments the additional inhibition has 
shown but little change over a relatively wide range of I^ Ig intervals {cf. 
Table HI). Therefore the alternative explanation on tho basis of a sununation 
of tho inhibitory effects which eat^h volley exerts on certain motoneurones 
seems much more likely to be correct. With excitation an analogous condition 
exists when two excitatory volleys at a short interval apart set up a reflex 
discharge from motoneurones which are in the subliminal fringe of cither 
volley alone (Eccles and Sherrington, 1931, 6). 

Since inhibition can be summed it follows that different grades of inhibition 
are possible in a motoneurone (Sherrington, 1929, p. 366). This makes it 
likely that the additional inhibition of a given reflex by a larger inhibitory 
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volley (see § 2) would also be due to an increase in the inhibition of some 
motoneurones from a latent to an effective intensity. In that case latent 
inhibition would be a true analogue to subliminal excitation. 

The extra inhibition produced by the summation of the effects of two volleys 
is never very large and it is sometimes not easy to demonstrate at all. It is 
most obvious when each volley alone produces a similar amount of inhibition. 

When the inhibitory volleys are set up in different afferent nerves, both 
volleys also inhibit more motoneurones than either one alone. This may be 
due to summation of inhibition, but it must be remembered that the same con¬ 
dition would arise if there were a failure of complete overlap between the 
inhibitory fields of each volley. 

(B) With a Repetitive Series of Inhibitory FoZfcys.—Plate 8, fig. 3, shows part 
of a series of observations in which the condition of the flexor motoneurones 
is tested by an excitatory volley at various times during and after the repetitive 
stimulation of an inhibitory nerve. In fig. 4, the results of such a series are 
plotted with time as abscisseD and the amount of inhibition as ordinates. During 
the continuation of the inhibitory tetanus the intensity of the inhibition 
increases progressively, while shortly after its cessation the intensity of the 
inhibition decreases at such a rate that after 400 9 the flexor centre has almost 



Sio. 4.—^Amounts of inhibition of reflex twitches in grame plotted as ordinates against 
the oorresponding time relations to a tetanic stimulation of an ixihibitory nerve. 
The duration of this stimulatiDii is shown by the artows at the base line which repre¬ 
sents the level of complete inhibition. 
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recovered its normal excitability. The comparative slowness of the increase 
in the intensity of the inliibition during the inhibitory tetanus parallels the 
relatively slight additional inhibition resulting from tlic compounding of two 
inhibitory volleys. The recovery of the normal excitability of the flexor 
centre following the repetitive inhibitory volleys is not noticeably diflerent 
in rate from the recovery following a single inhibitory volley. 

4. The Effect of an Antidromic VoUey on Inhibition. 

When an antidromic volley travels up motor nerve fibres to motoneuroncs, 
there is an inactivation of the central excitatory state of those motoneurones, 
and from this fact several conclusions have been drawn (Eccles, 1931 ; Eccles 
and Sherrington, 1931, c). The long duration of the inhibitory effect produced 
by a contralateral volley makes it possible to carry out similar experiments 
on inhibition. 

Plate 9, fig. 4, shows a series of observatioiLS in which an antidromic volley, 
A, is set up at two different times between an inhibitory volley, I, and an 
excitatory volley, E. When the intervals arc I 104 o A, 14 a E (observation 
2), the small inhibited reflex action-current {cf. observation 6) follows the 
maximal motor action-current. This latter is, of course, a necessary result of 
setting up an antidromic volley (observation 4). With the intervals of this 
series the reflex response to E is not affected by the preceding antidromic 
volley, e.g., the reflex action-current in observation 3 compared with those in 
observaiioDB 1 and 6. Therefore the inhibition by I of the reflex response to 
E has been unaffected by the antidromic volley. Witli the intervals of 
observations 7 and 8 (1113 a A, 6 a E) the refractory period following A persists 
sufficiently long to diminish the reflex response to E (Eccles, 1931). The 
effect of the inhibition is, however, still present as evidenced by a further 
reduction in the response to E {cf. observation 7 with observation 8). The 
inferences drawn from the action-current records are confirmed by analysis 
of the myograms. 

Many similar series of observations have been obtained in six other experi¬ 
ments and it has invariably boon found tliat inhibition is unaltered by an 
antidromic volley. In observations 7 and 8, Plate 9, fig. 4, the antidromic 
volley reached the motoneurones at an interval shorter than 10 a before their 
reflex discharge, and in some other series of observations this interval has been 
still shorter. 

Table IV has been calculated from one such series, most of the values being 
averages of two or more observations. In rows 2 and 3 the values of column 7 



100 


J, G. Eccles and Sir Charles Sherrington. 

Table IV. 
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(the relative amount of inhibition when £ ia preceded by A as well as by I) 
sliow^ when compared with those of coltunn 4 (the relative amount of inhibition 
when E is preceded by I only) that the proportion of the unresponsive motoneu- 
rontis is greatly increased by an antidromic volley which reaches the motoneuronea 
immediately before the reflex dlBchargo is set up—at an interval of not more 
than 6 <T in observation 3. This is not so with observation 1, where the reflex 
discharge follows the antidromic volley by an interval sufficiently long for 
recovery from the refractory period. Thus in observations 2 and 3 tlie relative 
inexcitability due to the inhibition has been intensified by the relative in- 
excitability of the refractory period which follows the antidromic volley 
(Eccles, 1931), The inhibition has not prevented an impulse fired into a 
motonciiFoue antidromically from giving rise to a refractory periorl of the actual 
locus at which a rc'flex discharge is set up. Thus the passage of an antidromic 
impulse over the surface of a motoneurone is not appreciably affected by 
inhibition. The failure of an anlidromio impulse to affect irthihUim cannot 
ther^ore be ascribed to a blocking of this impulse by the inhibited condition of the 
motoneurone, 

6. The Effect of Excitatory Impulses on Inhibition, 

The comparatively long duration of the inhibited state of a motoneurone 
makes it possible to investigate any influence on the inhibition which may be 
exerted by excitatory impulses concurrently incident on that motoneurone. 
The experimental procedure is to examine the effect of an excitatory volley^ 
Ej, interpolated between an inhibitory volley, I, and a second excitatory volley, 
Er 

The following experimental conditions must be fulfilled before reliable 
results can be obtained ;— 
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(1) The contralateral (inhibitory) volley must not have any appreciable 
excitatory admixture. 

(2) The first ipselateral (excitatory) volley must not inhibit the reflex 
response to the second excitatory volley (cf, Eocles and Sherrington, 
1931, 6). 

(3) The direct facilitation between the two excitatory volleys must not be 
of excessive duration. Such direct facilitation is a factor complicating 
any change which the first excitatory volley might make in the inhibition 
of the response to the second excitatory volley. 

Throughout all series of experiments the conditions enumerated above have 
been tested for by numerous control observations. 

Plate 9, fig. 6, shows part of a series of observations from one experiment. 
If observations 2 and 6 be compared with observations 1, 3 and 7, where 
was interpolated between I and E^, the action-currents of the responses to 
Ef show that E^ diminishes the inhibitory effect which I exerts on E^. Analysis 
of the mechanical responses confirms this finding, and supplies quantitative 
data for the extent of the diminution of the inhibition. Observations 4 and 6 
show that, when the inhibition is absent, the size of the response to E, is 
unaffected by tho precedence of E^, i.c., there is no inhibition or facilitation. 
In observation 5 the larger deflection of the action-current of the response to 
Eg is due to the less asynchronous nature of the reflex discharge (Forbes and 
Clregg, 1915 ; Eccles and Sherrington, 1931, a), for analysis of the mechanical 
response shows that its magnitude is unaltered. 

Many similar series of observations have been obtained in each of the seven 
experiments in which this observation has been carried out. Plate 9, flg. 6, 
shows part of a series from another experiment. 

However, in one lixperiment with the preparation deafterented as usiial, 
when several series of observations similar to those showu in Plate 9, figs. 
6 and 6, had been obtained, a change occurred and subsequent series of obser\'a- 
tions showed that had very little, if any, effect in diminishing the inhibition 
of Eg. The reason for this change was untraced. 

The adequacy of the observation employed to control tho absence of a direct 
facilitation between E 2 and Eg might be questioned, so a further control has 
been used. The difficulty is due to the possibility that tho small inhibited response 
to Eg may be directly facilitated by even when the uninhibited response 
shows no sign of facilitation. In Plate 9, fig. 7, observations 4 and 5, the 
stimulus setting up Eg has been reduced so that the uninhibited response to 
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£i (observation 5) is of the samo order of magnitude as the previous inhibited 
response to E, (observations 1 and 3). Observation 4 shows that then there is 
also no appreciable facilitation by and contrasts with observation 2 where, 
owing to the interpolation of E|, the inhibited response to Eg is greatly increased, 
i,e.f the inhibition of it is diminished. 

It is therefore possible to conclude that the interpolated excitatory volley 
diminishes the inhibition of the response to a second excitatory volley even 
when it has no direct facUitatory effect on this response. There are two ways 
in which this could happen:— 

(1) Some of the impulses of the interpolated excitatory volley may inhibit 
intemuncial neurones in the inhibitory pathway (see fig. 1). 

(2) Excitatory impulses may inactivate some of the inhibition when they are 
incident on an inhibited motoneurone. 

Of these alternative possibilities the second has been accepted because it is 
simpler and does not involve the assumption of a set of impulses for wliioh no 
other evidence exists. Exj)crimental evidence (v.i. this section) also favours 
the sticond alternative. 

In order to investigate further the nature of the effect of excitatory impulses 
on inhibition, Ej has been interpolated at various times relative to I and E|. 
A quantitative value for the effect of on the inhibition of E| by I has been 
calculated as in Table Y. 

A series of observations not shown in Table V gave a value of 128-6 grm. 
(average of four determinations) for the normal uninhibited response to Eg, 
and a value of 55 grm. (average of five values) for the response to Eg when 
inhibited by I at an lEg interval of 118 a. At this interval, which was kept 
constant throughout the series, the normal inhibition was therefore 73-6 grm. 
In column 3 are the tensions of the responses to Eg when preceded by 
(calculated by the method of maximum tension differences (Eccles and Hoff, 
1931)), and in colunm 4 are the ratios of these values to the tension of the 
response to Eg alone (128-6 grm.). The ratios at the longer Ej Eg intervals 
are probably entirely dependent on the wave-summation of muscular contiao- 
tions, but the higher values at the two shorter intervals indicate a facilitation 
of the response to Eg by Ei (Eccles and Sherrington, 1931, 6). In column 6 
are the tensions of the responses to Eg when preceded by both 1 and (also 
calculated by the method of mayimum tension diffeirenoes). On the assumption 
that muscular summation and direct facilitation increase these values in the 
same ratio as they do the uninhibited responses to Eg at similar £|^ Eg intsotvaLB, 
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t.e., the ratios shown in column 4, the tensions oi the actual inhibited 
responses to E, are calculated bj dividing the values of column 6 by those of 
column 4, and ore shown in column 6. The actual amounts of the inhibitions 
ore then calculated by subtracting these tensions from 128*6 gnn., and they ore 
shown m column 7, while in column 8 these inhibitions are expressed as a ratio 
of the uoimal inhibition (73*5 grm.). 

When E] closely precedes E|, e.g., in the results of observation 4, the inhibi¬ 
tion is reduced to only a small fraction of its former value, in this case to 0* 12. 
The longer the E^ E| interval, the smaller is the effect of Ei on the inhibition 
of the response to E|. Many similar series of observationa have been obtained 
both in this and other experiments. Thus at a short interval after Ex there is 
an almost complete disappearance of the inhibited condition of the motoneurones, 
and then there follows a gradual rebuilding up of the inhibition. This re- 
aj^iearanoe must be due to the incidence of fresh inhibitory impulses on 
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the motoneniones. The presence of such delaTed inhibitory impulBes is also 
indicated by the intensity of the inhibition normally increasing for even as 
long as 80 o after the setting up of an inhibitory volley (see fig. 2). 

It was mentioned above that there was a possible alternative explanation 
of the diminution of the inhibition by the interpolated excitatory volley. Some 
of the impulses of the excitatory volley may inhibit intemuncial neurones in 
the inhibitory pathway, and so stop the firing of inhibitory impulses on the 
motoneurones in question. Since the intemuncial neurones are probably 
on the contralateral side, the temporal course of their inhibition, if present, is 
likely to follow a course similar to that found for inhibition of contralateral 
flexor motoncuTonea. There would then be a oonsiderable period during 
which tho diminution of the inhibition of the flexor centre by the interpolated 
excitatory volley would become more marked. Actually the diminution of 
the inhibition reaches its maximum much more rapidly, and in a few sigmata 
the inhibition is being built up again. The rapidity of the action of the inter¬ 
polated excitatory volley argues for a direct effect by it on the inhibition of the 
motoneurones. 

V. Discussion. 

An excitatory volley interpolated between an inhibitory volley and a second 
excitatory volley diminishes the inhibition of the latter when preceding it by 
even as long an interval as 100 o. Some of the inhibition which was present 
on the motoneurones during the incidence of impulses from tho first excitatory 
volley must, in the absence of that volley, persist long enough to inhibit the 
response to the second excitatory volley. But the impulses from the first 
excitatory volley are incident on the motoneurones for a relatively short period, 
for control observations show that the facilitation following the first excitatory 
volley is short in duration, 20 a to 30 < 7 . Hence the ifAibition of a tnoto- 
neurone must be a state able to persist for a oonsiderable period, e.g., at least SO <r 
in the experiment quoted in Table F. The persisting inhibUory condition mag be 
called a central inhibitory state, o.t.s., on analogy loUh the sofnewhat similaf 
central excitatory state. 

The long duration of inhibition following a single inhibitory volley will in 
part be due to the persistence of the c.i.8. set up by each individual inhibitory 
impulse, but this will not account for the relatively gradual increase in the 
intensity of the inhibition whioh occurs for some time after its first onset 
(figs. 2 and 3), This period of building up of the inhibition must be due to the 
msmmation of the separate irhlbUions produced by each of the inhibitory impulses 
sndderA throughoul the uihble period. The subsequent decline in the intensity 
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of the inhibition shows that there is a gradual Bubsidenoe of the accumulated 

G.i.s. 

Thus three factors at least are responsible for the temporal course of the 
inhibition following a single inhibitory volley;— 

(1) Temporal dispersion of the inhibitory impulses incident on the moto- 
neurones. 

(2) Persistence of the central inhibitory state produced by each inhibitory 

impulse. 

(3) Subsidence of the central inhibitory state. 

It is now possible to describe the condition of the flexor motoneurones at various 
times after the setting up of an inhibitory volley. 

An inhibitory volley is without effect on the reflex twitch evoked by an 
excitatory volley until the latter volley is set up about So later (see § 2). 
Thus, on the assumption that a relatively insignificant time is taken by an 
inhibitory impulse to give rise to c.i,s., there is an interval of about 16 a between 
the setting up of the inhibitory volley and the incidence of the first inhibitory 
impulse on the motoneurones. If the rate of travel of inhibitory impulses is 
siuular to that of excitatory impulses, t.c., about 36 metres a second (Eooles 
and Sherrington, 1931, a), about 4 <t will be accounted for by the time of travel 
in the peripheral afierent nerve. This leaves 12 a for the time of travel withm 
the spinal cord of the fastest inhibitory impulses. 

The increase in the intensity of the inhibition for 20 o to 50 a after its onset 
(figs. 2 and 3) shows that there is a continuous heavy bombardment of the 
motoneurones by inhibitory impulses with the resulting summation of the 
c.i.s. produced. Presumably during this period there is some subsidence of 
the o.i.s. already produced, but it is not apparent till the inhibitory bombard- 
ment slackens. Then momentarily the rate of production of c.i.s. by the 
incidence of fresh impulses equals the rate of subsidence of the preformed 
c.i.s. This is the instant of Tnaximum inhibition. Thereafter the subsidence 
is more and more in the ascendency. But the bombardment by inhibitory 
impulses continues for some time after the instant of maximum inhibition, 
and it becomes apparent if the previous inhibition is removed by an excitatory 
volley, e.g„ in the observations of Table V, c.i.s. was built up after an excitatory 
volley which was set up almost 100 a after the inhibitory volley. 

However, a sufiSdently late portion of the inhibitory curve is likely to be 
almost uncomplicated by the production of fresh c.i.s. In some experiments 
this port of the curve has approximated to the exponential form found by 
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Bremer (1931), in fig. 4, after a tetanic inhibition. But the ordinates 
(isometric tension values for the inhibition) can at best be considered as pro¬ 
portional to the numbers of inhibited motoneuroncs. It has further to be 
assumed tliat there is an even distribution of the whole range of relative 
excitation-inhibition intensities in those motoneurones, before the exponential 
shape of tlin curve can be interpretdl as showing that the rate of subsidence 
of c.i.s. is, at any instant, proportional to its intensity. 

The above description of the events following an inhibitory volley may seem 
to entail an inhibitory bombardment of unexampled duration. But even with 
the spinal flexor reflex after-discharge following a single excitatory volley may 
last as long as lialf a second (Ecclcs and Sherrington, 1031, c), and during all 
this period the motoneiirones are being bombarded by excitatory impulses at 
a rate sufiiGient to raise repeatedly the c.e.s. to threshold. 

At first thought it is difficult to imagine the up-stream mechanism responsible 
for converting a single volley of impulses into these prolonged bombardments. 
However, such is the intricacy of the fibre system of the grey matter, as 
revealed by microscopic examination, that it would seem to be difficult to 
over-estimate its potentiality for providing “ delay paths ” (Forl>eB, 1922) 
adequate for the most prolonged of bombardments. The rate of conduction 
along the fine nerve fibres of the grey matter is probably even slower than the 
slowest rate found by Erlanger and Gasser (1930) in the non-medullated fibres 
of a cat’s peripheral nerve—0*25 metres a second or 250 g. a sigma. 

The time occupied by the various synaptic ” delays (Ecclcs and Sherrington, 
1931, a) must be added to the total conduction time of the pathway. The 
shortest “ synaptic ” delay for the single synapse in the reflex arc of the ipse- 
lateral flexor reflex averages about 4 a in duration, but ’’ synaptic ” delays 
of twice this duration arc common. Thus, if there is only one synapse in the 
shortest inhibitory pathway, a considerable port of the time (about 12 o, 
sec above) occupied in this pathway is likely to be due to synaptic ” delay. 
This is also probably the case with more complicated inhibitory pathways, 
for ill them there will be several synapses. 

In view of the apparent facility with which c.i.s. can be summed, the 
additional excitation produced by the combination of two inhibitory volleys 
may seem disappointingly small. But it must be remembered that the 
inhibitory field docs not extend over the whole flexor centre (Creed and Ecoles, 
1928). One inhibitory volley by itself inhibits all those motoneurones in the 
centre of the inhibitory field. A second inhibitory volley in addition inhibits 
those motoneurones in which an effective inhibition results from summation 
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of the latent inhibitions produced by each volley alone. Similarly a repetitive 
series of inhibitory volleys inhibits a gradually increasing number of moto- 
neurones, but limits are set by the restricted area of the inhibitory field. 

The grading of the intensity of both the excitation and the inhibition of a 
single motoneurone has presented a difficulty to the hypothesis put forward 
by Lucas (Lucas, 1917 ; Adrian, 1924) in an attempt to explain inhibition as 
a type of Wedensky effect. Recent experiments by Forbes, Davis and Lam¬ 
bert (1930) have shown that, with the extensor motoneurone also, the stronger 
its excitation the more difficult it is to inhibit. By an ingenious line of dis¬ 
cussion they point out that this result need not render the Lucas hypothesis 
untenable. However, if the inferences drawn from the present series of experi¬ 
ments are correct, namely, that the inhibition produced by any particular 
impulse persists for as long as 60 a (see above), and that excitation and inhibi¬ 
tion mutually inactivate each other, then an explanation in terms of the 
Wedensky effect appears to be impossible. 

According to the Lucas hypothesis the inhibitory effect of each individual 
inhibitory impulse has a duration of the same order as the refractory period of 
nerve. The evidence for sucli a very short duration has been derived solely 
from the important experiments performed by Beritoff (1914, 1924), who states 
that the duration of a single inhibitory effect is not more than 4 o. 

In the experiment from which this value was derived the semitendinoaus 
was reflexly excited by stimulation of the ipselateial peroneal nerve at a rate 
of 260 a second and inhibited by stimulation of the contralateral peroneal 
nerve at 126 a second. Although the electrical response of the muscle had a 
rhythm of 250 a second, its irregularity showed that the individual motoneurones 
were not discliarging at tliis high rate {cf. Fulton, 1926, p. 347). During certain 
phases of the inhibition the rhythm of the response was reduced to 126 a 
second, and this was interpreted as showing that there was an inhibition of 
the second response of each motoneurone—hence the value of 4 o for the dura¬ 
tion of the inhibition. Since the individual motoneurones wore not initially 
discharging at 260 a second, this value for the duration of the inhibition must 
be too small. Why, then, does the rhythm tend to be 126 a second during the 
inhibition 1 Before the inhibition most of the motoneurones probably 
responded to every seoemd gtimulns only, t.e., at 126 a second, and the inhibition, 
which was almost total, apparently prevented all discharge from those moto- 
ixeorones responding to one of the alternate series of stimuli. The result is 
that the few motoneurones still uninhibited show a rhythm of response of 
126 a second. This selective effect of the inhibition is probable because 
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alternate make and break shocks were used to elicit the reflex. The reaolting 
diiferencee in the sixes of the alternate exdtatozy volleya would aooount for 
the responses evoked by one alternate series partly surviving an inhibitioii 
which entirely abolished the other alternate series. No conclusion oonoeming 
the duration of inhibition can therefore be drawn from snob experiments. 

Expcritnents with a slower rate of excitation, e.g., 100 a second (Beritoff, 
1924), are not open to the above criticism, but the durations of the inhibitionB 
under such conditions (20 a or more) have been so long that it has boen thought 
necessary to postulate the existence of a repetitive series of the short inhibitions 
(Beritofi, 1924). The duration of inhibition with an actively excited moto- 
neurone will naturally be much shorter than with a resting motoneurone, for 
in the former the inhibition will be inactivated by the continuously arriving 
excitatory impulses. Under such circumstances the effective duration of the 
inhibition will be the period during which inhibitory impulses are still arriving. 

The duration of the inhibitory periods in BeritofTs experiments with 
excitatory rhythms of 100 a second or less (see also Adrian, 1924)gives, therefore, 
no indication of the duration of any individual unit of the inhibition. The 
interesting experiments of Brucke (1922) foil to throw Ught on the duration of 
the inhibitory process for the same reason. 

From the long duration of the inhibition set up by a single inhibitory volley, 
Ssmojloff and Eisselefi (1927) inferred that there is a long lasting inhibitory 
state in the reflex centre, and they suggested that it is a chemical substance of 
opposite nature to the excitatory substance." In their discussion they do 
not take into consideration either the existence of intemuncial neorones in 
the inhibitory pathway or the possibility of a significant temporal dispersion 
of the incident inhibitory impulses. They believed that the duration of the 
inhibited condition of the centre was due entirely to the persistence of an 
“ inhibitory substance." A similar explanation has been suggested for the 
long-lasting inhibition of the spinal knee jerk by a single ipselateral volley 
(Ballif, Fulton and Liddell, 1920 ; Fulton, 1926). The simpler nature of the 
inhibitory pathway with such ipselateral inhibition makes it probable that the 
temporal dispersion of the inhibitory impulses has leas relative signifioaace 
than is the case with centralateral inhibitimi. However, in this oenmeotion 
it is well to remember that ipselateral flexor inhibition has a temporal oouxae 
very similar to oontralstexal inhibition (Bodes and Bbeirington, 19S1, 6). 
Ipselateral flexor inhibition has, however, a diorter latent period. 

Two types of experimental treatment of oentral inhibitory state have been 
attempted with totally different results 
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(1) An orMromic impulse has no ^ect on hut U tafottowed bjf its normal 

ftflractory period as is shown by the transient aoeentuation cf the rdative 
inexoitabmty of the motoneurone, 

(2) Excitatory impulses indierU on a ttwloneuirone madivate c.i,s. At the 
same time these excitatory impulses do not give rise to effective o,e,8. for, 
if they did, a discharge would beset up after the o.i,s. had been inactivated 
(see § 5). Thus it seems that the c.e.s. and the o,i.s, suffer a mutual 
inactivation. 

The rate of production of c.e.s. by incident excitatory impulseB controls the 
reflex discharge of reflex impulses from a motoneurone (Eccles and Sherrington, 
1931, o). Inhibition modiflos this response of the motoneurone to excitation, 
not by any direct action on the motoneurone itself {cf Sherrington, 1929), 
but by inactivating c.e.s. with the result that the rate of increase of c.e.B. is 
slowed down or stopped altogether. 

The locus of the motoneurone from which reflex discharge is set up (probably 
the synapse, see Eccles and Sherrington, 1931, d) is open to approach from three 
different types of impulse, the excitatory impulse, the inhibitory impulse, and 
the antidromic impulse. Each of these is followed by a characteristic condition : 
c.e.s., o.i.s., and refractory period, respectively. In addition it has already 
been shown that an antidromic impulse inactivates c.e.s. (Eccles, 1931), and in 
the present series of experiments an excitatory impulse, or the c.e.8. it gives 
rise to, has been shown to inactivate o.i.s. And finally c.l.s. and therefore the 
inhibitory impulse probably inactivates c.e.s. Yet in spite of this interaction 
which exists between two pairs of the three types of impulses, an antidromic 
impulse has no action whatever on 

In many respects c.e.8. and c.i.s. are analogous states, but they difler funda¬ 
mentally in certain features. In the following respects c.e.8. and o.i.s. ore 
analogous:— 

(1) o.e.s. and o.i.B. are only produced when nerve impulses in the terminal 

branches of one neurone are incident on a neurone next in series, i.e., 
at synapses. However, there is yet no experimental evidence for the 
existence of inhibition with neurones other than motonoorones. 

(2) The o.e.B, or o.i.B. produced by a single impulse undergoes a gradual 
subsidence. With flexor motoneurones the rate of subsidence for o.6,8. 
(Eoolea and Sherrington, 1930, a) is several times more rapid than the 
rate for o.i.B. 
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(8) Tht o.e.B. or o-Lb. produced by one impnlee BomB reipeotively with the 
o.e.B. or c.i3. produced by other impulsee arriving by either the same 
or other nerve fibres ending on that Bame motoneurone. It may be 
that there is only Bununation between the o.e.B. or o.i.8. produced at 
immediately adjacent synapaes. 

(4) Ab a oonBeqnence of summation many grades of intensity of either o.e.B. 
or o.i.B. may be produced on a motoneurone. 

(6) When o.6.b, and o.l8. are opposed to each other, there is an inactivation 
of certain quantities of each. This mutual inactivation is likely to be 
quantitative, in which case there is a true algebraic summation between 
the o.e.B. and the o.i.B. of a motoneurone. It follows that c.e.8. and c.i.8. 
cannot coexist in the same place for any appreciable time. It may be 
that there is a quantitative interaction between the o.e.B. produced by 
one excitatory impulse and the o.i.8. produced by one inhibitory impulse, 
but Buoh a relationship is at present pure hypothesis. 

In the following respects c.e.s. and o.i.8. differ fundamentally :— 

(1) If the c.e.B. of a motoneurone reaches a sufficient intenBity, then it gives 
rise to the discharge of an impulse from that motoneurone. No 
corresponding action is known for c.i.a. It has no direct effect on the 
motoneurone—^it merely inactivates c.e.8. 

(2) An impulse passing antidromically up a motor nerve fibre to a moto¬ 
neurone inactivates the c.e.s. of that motoneurone, but does not 
affect the oa.s. 

The above two differences between c.e.s. and o.i.s. have in all probability a 
common basis. Thus U may todl be that o.e,8. acts as the scie irUemediairy 
hdmm and the fnotoneunme, o.t.s. having no direct aotim on this latter. 

None of the experimental evidence bears on the actual nature of o.i.8. 
Ballif, Fulton and LiddeU (1925), Fulton (1926), and Samojloff and Eisseleff 
(1927) have suggested that it is a chemical substance. It may, however, 
receive its ultimate explanation in terms of physical chemistry, a.^., as the 
stabilising of a surface membrane (Sherrington, 1929). Certain it is that it 
can exist independently of excitation. 

VI. SuiOfABY. 

The inhibition of flex or motoneuzones by a single ooutrslatend volley h*^ 
been investigated by observing the reflex response evoked by a single ipse- 
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Ifttezal voll^ set ap at variona timea after the oontialateiial voll^ {if. Samoilofl 
and KisaelefE). A redaction in the sice of the reflex reaponse, t.e., inhibition, 
is not nsuollj obaerred until the exoitatoiy volley foUova the inhibitoiy 
8 o or more. After ita fiiat appearance the amoant of the inhibition increaaea 
for 26 (T to 70 o and then progressively decreases, but is still usually observable 
at 2 OO 0 . 

In some experiments a given inhibitory volley has inhibited a weaker reflex 
more than a stronger. Consequently it is concluded that with motoneurones 
the prevention of reflex discharge by inhibition depends on the intensity of the 
excitation. 

Two similar inhibitory volleys in the same afferent nerve produce a greater 
inhibition than either volley alone, even when the interval between them is aa 
long as 60 (t. Further, a repetitive series of inhibitory volleys produces a 
gradually increasing inhibition. Both these results show that there is sum¬ 
mation of the inhibitory effects of successive afferent volleys. 

A volley passing antidromically up motor nerve fibres to inhibited moto- 
neurones has no effect on that inhibition. 

Excitatory impulses incident on inhibited motoneurones diminish the 
inhibition of a reflex evoked by a subsequent excitatory volley. Hence it is 
concluded that inhibition is a long-lasting state, called a central inhibitory 
state, and that it is inactivated by excitatory impulses. In order to explain 
the results it must further be assumed that the inhibitory impulses from a 
smgle inhibitory volley are incident on motoneurones during a conridetable 
period. This temporal dispersion, often at least 100 o in duration, is attributed 
to delay paths. 

In the discussion there is a detailed treatment of the central conditions set 
up in the above experimental procedures. It is suggested that the central 
inhibitory state has no direct effect on the motoneurone, its effect being entirely 
dne to the mutual inactivation resulting when it and the central excitatory 
state interact. 

It would seem that some of the inferences drawn from the experimental 
evidence render untenable explanatione of inhibition based on the Wedenal^ 
effect. 

One of us (J.C.E.) wishes to express his gratitude to the Medical Research 
(ViTiTicil for a personal grant, and we have to thank the Royal Society for a 
grant towards the apparatus used in this research. 
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EXPLANATION OF PLATES. 

Flats 8. 

Flo. 1.—^Reflex responses of deafferented tibialis antions muscle when an inhibitory rcSley, 
I, in the oontralatoral peroneal nerve* is set up at various intervals before an exdta- 
toiy volley* E* in the ipselateral popliteal nerve: 1, 1 41ff £ ; 2* 1 8O0 E; 8* 1200o 
E; 4,1 I2I0 E ; 5, E alone; 6* 1 163o £; 7* 1 92e E. In this and aubeequent 
flgoree the white lines of the myograph record oommenoe bsZov the dark lines of the 
oomsponding electrioal record. Time* 1 d*v. lOo in all reoarda. TensiDii soale 
at side. 

Fxo. 2.—^Reflex responaes of deafferented tibialis antious muscle when either one or both 
of two inhibitory volleys* 1^ and Ig, in the oontralateral peroneal nerve* an set up at 
ooostant intervals before an exoitatoiy volley* S* in the ipselateral popUteei nerve .* 
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1. Ij 3d9» I| E (no aooompuTing eleotrioal raponfle); % I, S&a E .; 8* I| OSo 
E ; 4p I| 30op Ig 59o B ; 5, 1, 50o B ; 6, 1| 08o E; 7» E alone. Teniloii aoale u 
for Plate 8« fig. 1. 

Ito. 8.—^Reflex mponsefl of deafferented tibialiB antioua muaole evoked by an ezoitatory 
voAky, E (in the ipaelateral popliteal nerve) at variona timee during alter tetanic 
Btimnlaticm of an inhibitory nerve, the contralateral peroneal The intervaLs before 
or after the oesiation of the tetanic stimulation (shown by the aignal line above the 
corresponding electrical record) were as follows: Ip lie before end ; 2, 78o after 
end; 8, 230o after end; 4, 8459 after end; 5. reflex alone ; 0, 4249 after end; 

7, 62a after end. Tension scale at side. 

Pl^TX 9. 

Flo. 4.—Responsee of deafferented tibialis antious muscle elicited by a single maximal 
stimulation of its intact motor nerve, {.e., an antidromic volley. A, interpolated between 
an inhibitory volieyp £p in the contralateral popliteal nervep and an excitatory, E, in 
the ipselateral posterior tibial nerve as follows: 1, K alone; 2, 1 104o A, 14o £ ; 

8 , A 149 E ; 4, A alone (the small late action-current is an artefact); 5, 1 1189 E ; 
fl, E alone; 7,1 llSa A, 69 E ; 8 , A 69 E. Tension scale at side. 

Fio. 6. —^Reflex responses of deafferented tibialis anticna muscle when an inhibitory volley, 
I, in the contralateral peroneal nerve preuodes oxoitatory voUeya, £| and Kg, in the 
ipselateral popliteal nerve as follows: 1, 1 699 609 Eg; 2,1118a Eg; 3, 1 609 

Eg 609 Eg \ 4, Eg alone i 6 , E| 609 Eg ^ fl, 1II 89 Eg j 7, I 6 O 9 Eg 609 Eg. Tension 
scale as for Plate 0, fig. 4. 

Fio. 6.— Reflex responses of a not quite completely deafferented tibialis antious muscle 
when an inhibitory volley. 1, in the contralateral peroneal nerve, precedes excitatory 
volleys. Eg aud Eg, in the ipselateral hamstring nerve as follows; i, 1 alone; 2, 
Eg alone; 3, Kg 289 E.; 4.1 4 I 9 Eg 289 Eg; 5,1 41a Eg; 6,1 41a Eg 289 Eg; 
7, 1 009 Eg; 8, 1 419 Eg 289 E,. Tension scale as for Plate 8, fig. 1. A small 
reflex response is evoked by the coiilralatoral volley. 

Fio. 7.—Reflex responses of a doafforonted tibialis antious musdo when an inhibitory 
volley, I, in tho contralateral peroneal nerve, precedes excitatory voUeys, Eg and Eg, 
in the ipselateral popliteal nerve. After observation 3, Eg was mads weaker, and for 
observation 6 , Eg was also weakened. 1, 1 118a Eg; 2, 1 0<0o Eg II 80 Eg; 3, 
I 1189 Eg; 4 , Eg II 89 Eg; 6 , Eg alone; 0, Eg U 80 Eg. Tension scale above. 
Eleotrioal record shows interferenoe by A.C. 
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A Simple Method of Meaeuring Swface Tension. 

By J. H. Qadduu, National Institute for Medical Beaearoh, London. 

(Commonioated by H. H. Dale, See. B.S.-^Reoeired June 20, 1931.) 

It ifi known that the auriboe tension of solutions of many hydrophilic oolloida 
such as proteins, saponins and soaps, is comparatively high when the surface 
is newly formed and that it falhi rapidly at first and then more slowly (du Noiiy, 
1919, 1926; Wilson and Ries, 1923; Harkins and ZoUmann, 1926). This 
fall may continue for many hours and measurements of the surface tension of 
such a solution cannot therefore have much significance unless either the 
surface has reached equilibrium or the age of the surface is known. 

The method which is most frequently used for the study of the surface 
tension of such solutions is that which depends on the measurement of the force 
exerted by the liquid on a wire ring which is placed on the surface and then 
pulled away (du Noiiy, 1926; Harkins and Jordan, 1930). It is the purpose 
of this paper to describe a simpler method, which is accurate enough for many 
purposes and which is especially suitable for these studies. Certain curious 
reactions of the surface of solutions of saponin to stretching will also be 
described. 

In discussing these observations the term surface tension is taken to 
mean the total apparent tension due to the surface phase, though there is 
evidence that in some oases this phase may extend through many molecular 
layers. 

Meihod, 

The method is a modification of the well-known method which depends on 
the measurement of the weight of drops. This has been found to give very 
accurate and oonsiatent readmgs with pure liquids, and owing to its simplicity 
it has been widely used for measurements on various complex solutions. 

Since the size of the drops of complex solutions may be greatly affected by 
the rate at which they are formed, those who use this method frequently aban¬ 
don all attempt at absolute measurement and are content to compare the 
number of drops produced by a known volume of one liquid with that produced 
by the same volume of another, when both drop in the same time from the 
same nozzle. 



Method of Measuring Surface Tension. 116 

It has been found that the miorometer syringe (Tievan, 1925) provides a 
oonyenient and aoourate method of measuring the size of a single drop. In 
this instrument the position of the piston of a glass syringe is controlled by a 
miorometer screw, the rotation of which through one division causes the syringe 
to deliver 0*2 c.mm. In this way the volume of the drop is under very good 
control, and continuous stretching of the surface can be avoided. A nozzle 
with a circular tip of suitable diameter is fitted to the syringe, which is then 
filled with the liquid whose surface tension is to be studied. In the study of 
solutions of substances which produce a slow fall of surface tension the micro¬ 
meter head is rotated rapidly through a known number of scale divisions so 
that a known volume of liquid is made to hang from the tip. If the drop is 
largo enough, it will fall after an interval of time which depends on its weight 
and volume. If the diameter of the tip is known the value of the surface 
tension at this moment can be calculated from the volume of the drop as 
measured by the micrometer syringe, and the density of the solution. 

Nozzles made of glass and gn)und so as to fit on to the end of the micrometer 
syringe have been used, but it is more convenient to use a nozzle tamed out of 
brass and soldered on to the fitting removed from one of the needles provided 
for use with the syringe. The diameter of the hole through which the liquid 
flows should be small compared with the external diameter of the tip. Harldns 
and Brown (1919) have shown that the volume of a drop falling from a brass 
ring is the same as that of one falling from a glass ring of the same diameter. 
Accurate brass nozzles can, of course, be more easily made than glass ones 
and arc less liable to be damaged by use, but they cannot be cleaned with 
strong acids. However, prolonged washing with running tap-water is sufficient 
to remove the impurities which interfere with the determination of the surface 
tension of watery solutions by this method. It has been suggested that 
nozzles might be made of platinum in order to facilitate cleaning. This pre¬ 
caution has not been found necessary in the present work. 

The moat satisfactory results have boon obtained with a nozzle having a tip 
with an external diameter of approximately 2 mm. If nozzles much larger 
than this are used the drop is not formed so regularly and the results obtained 
are more dependent on the exact rate at which the drop is formed. The 
syringe must, of course, be fixed rigidly in a strictly vertical position and be 
free of vibrations. The drop must be formed at a known temperature 
in a ftTUftU closed vessel, so that it is protected from draughts and from 
evaporation. 

There is no simple mathematical relation between the size of the drop which 
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fdls and the surface tension (Rayleigh, 1899; Freud and Harkins, 1929). 
The surface tension may, however, be calculated from the fonnula 

Y-niyF/f. 

where y is the surface tension, m is the mam of the drop which falls, g is the 
acceleration due to gravity, r is the radius of the noszle^ and F is a oonstant 
depending on the shape of the drop (Young and Harkins, 1928). The appro¬ 
priate value of F is obtained by calculating V/t* (where V ^ the volume of 
the drop which falls), and referring to a table. The nozsles found suitable for 
the ezperinunts described in this paper were smaller than those generally 
used, but the appropriate values of F arc known with sufficient accuracy for 
most purposes. The values of the surface tension given in Table I have been 
calculated in this way in order to simplify the prooeduro. In these calculations 
the value of log F was obtained by linear interpolation in a table connecting 
log F and log (V j'fl). It is thought that, for the large values of F with which 
we are concerned, this method of calculation is especially aoourate. 


Table I.—Showing the surface tension in dynes per oentunetre for drops of 
different volumes, and for different values of log^gf, where r cm. = radius 
of nozsle. 


log„r. 

Volanw of drop In cabio oontimotm. 

1 

0 01. 

0 02. 

0 03. 

0-04. 

0-00 

10 

23-0 

44-9 

66-6 

86-2 

100*0 

I-00 

21-6 

41-0 

09-8 

78-3 

90-7 

I-l 

19-7 

37-5 

04 0 

71-3 

87-9 

MS 

17-9 

34-3 

1 49 9 

65-1 

80-0 


This table gives the surface tension in dynes per centimetre for a liquid of 
unit density, where g = 981-3. For other liquids these values must be 
multiplied by the density of the liquid. By giving values of logigf instead of 
values of r, the maximum error which occurs in oalonlating intermediate values 
by simple linear interpolation has been reduced to about 0-1 dyne per centi¬ 
metre. It is easy to prepare from this table a curve for any particular nosslo 
connecting the voliunc of the drop with the surface tension. These curves 
ore nearly, but not quite, linear. 

Ixedale (1923) gives another method of calculation based on a slightly difieient 
theory, which gives the same results as the above method. 
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Suiface Tension of Pure Liquids, 

As a check on this method, measurements were made on various standard 
liquids whose suiface tensions are known, and independent of the age of the 
surface. For this purpose the piston of the syringe was screwed down rapidly 
until the drop was almost large enough, and the last cubic millimetre was 
added very slowly and carefully until the drop fell. When this occurred the 
movement was stopped, and a reading was taken. The difference between two 
successive such readings was taken as the volume of the drop that had fallen, 
the volume of liquid left hanging on the nozzle being assumed to be constant. 

Ten successive such readings each of the volume of a single drop gave values 
for the surface tension of distilled water at 2G‘’ ranging between 71-7 and 72-3 
dynes per centimetre. The value given by Young and Harkins (1928) is 
71-82. 

A comparison of the results obtained by this method with the accepted 
standard values (Young and Harkins, 1928) is given in Table II. 


Table n. 


SubBtftnoe. 

Temporatum. 

Surface tetwion 
dyuee por cm. 

SUiulard 

valuoB. 

Water . 

o 

20 

72*0 

71-82 

4 molar NaCl in water , „ 

23 

79-2 

78-8 

Toluol . 

10 

291 

29-0 

Nitrubensene . 

23 

42-7 

43-9 


The agreement between the results was considered sufficiently close. The 
discrepancy with nitrobenzene was possibly due to the presence of impurities, 
sdnee no special precautions were taken to ensure the purity of the preparation. 

Surface Tension of Solutions of Suiface Active Substances. 

In the case of these pure liquids the surface tension is, within wide limits, 
independent of the age of the surface, and it was found that a drop only 
slightly smaller than that which fell would remain hanging on the apparatus 
for an indefinite time, but in the case of watery solutions of various surface- 
active substances this was not the cose. A small drop of a solution of saponin 
may be almost spherical when it is first formed, but as the saponin passes to 
the Bur&oe and the surface tension diminishes, the drop slowly lengthens out 
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and eventually, if it is large enough, it will fall ofl. By measariug the time 
requued by npidly formed drops of Tazioiu sues to fall it is a simple matter 
to obtain the relation between the surface tension and the age of the snifaoe. 

Measurements have been made of the volume of drops by withdrawing the 
residual liquid after the fall of each drop, but mote consistent values have 
been obtained by taking the reading immediately and by assuming, as before, 
that the volume left hanging on the nozzle is constant. A definite error is, 
of course, introduced by this assumption, but this error is too small to be 
detected in experiments carried out in this way. 



Fn. 1.—MsMurementa of surface tension of saponin (Merck) solutions at different times 
after the fonnatioa of the surface. Figures attached to curves give oonoentration of 
saponin in parts per 60,000. Temperature 18'6* C. 

Some measurements of the surface tension of difieient dilutions of a solution 
of saponin (Merck) are shown in fig. 1. It will be seen that the surface tension 
fell rapidly in the first few seconds, and had not reached an equilibrium after 
10 minutes. Similar results have been obtained with a preparation of bile 
salts, with rabbit serum, oat serum, and with a broth culture-medium. The 
curves are very similar to those published by du NoQy (1926). Since the range 
of times covered is rather wide it is convenient to plot the surface tension against 
the logarithm of the time. In the case of saponin solutions it has invariably 
been found that the results, plotted in this way, showed only small and 
irregular deviations from a straight line. In other words, the fall of surface 
tension was expressed with satufactory accuracy by the equation 
Y A — B log f (where y is the surface tension and t the time), and A and 
B ore constants. The fall of surface tension of the other solutions mentioned 
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above was equally well e^qiressed by the same equation, which expreeses the 
facts at least as accurately as that proposed by du Noily (1926) and is simpler. 
The ftdl of tension in soap solutions appears to follow a rather difEerent course, 
and to reach equilibrium comparatively rapidly. By plotting the surface 
tension against the logarithm of the time it is easy to deduce the surface 
tension at any given time by interpolation; but since it has not been found 
possible to discover any simple explanation of the equation it is doubtful 
whether it has any fundamental significance. It is probable that the fall of 
surface tension is governed by the laws of diffusion, and that its course could 
be expressed accurately only by a much more complex equation. 

Effects of Changes of (he Area of the Surface of Saponin Solutions. 

The method described above gives a quantitative measure of the surface 
tension of the solution at the moment when the drop faUs. It has been found 
that the surface tension of solutions of saponin shows reactions to changes in 
the area of the surface which cannot be followed in this way, but which are 
shown by the changes which occur in the shape of the drop. When the surface 
tension is high the drop will be nearly spherical, but when it is low the drop 
will be longer and narrower. The slow lengthening of a newly formed drop 
as its surface tension falls has already been mentioned. Some other reactions 
of the drop will now bo described. A 1/500 solution of saponin (Merck) in 
water was used in all these cases, but the different experiments are not all 
strictly comparable with one another, fdnee they were carried out at room 
temperature, and this was different on different days. In some oases the 
shape of the drop was observed directly ; in others an enlarged image of the 
drop was thrown on a screen. The radius of the nozzle on which the drops 
were formed was 0-0967 cm. 

Increasing the Area .—If the volume of a drop of saponin solution which 
has been formed for some minutes is suddenly increased by moans of the syringe, 
the surface is stretched and the concentration of saponin therein must be 
diminished. It might be predicted that in these ciroumstances a rise in surface 
tension would occur, and this indeed appears to be the case. The drop 
immediately becomes more nearly spherical, and its total length may decrease 
although its volume is inoreasod. After this rapid increase the surface tension 
again decreases, and the drop lengthens out and may eventually fall. The 
total age on falling, of the large drop thus formed in two stages, is greater 
iikan that of a drop of the same size formed rapidly in one stage. In the same 
way, if sufficient solution is added to a drop to cause it to fall immediately, the 



120 


J. H. Qaddum. 


•uifaea tenoion otJoulsted from the lise of this drop ii larger than the itatio 
aorfaoe tension of a sor&oe of the same total age meammd the method 
given above. 

In measuring surface tension drops are sometimes allowed to b*Tig for some 
time to attain equilibrium and then finally their volame is increased till they 
fall (Harkins and Brown, 1919). This procedure may be safely used for pore 
liquids, but the above observations show that it gives a value for the surfooe 
tension of saponin solutions that is largra than the true static surface tension. 

When a surface is being stretched at a steady rate the stretching tends to 
raise the surface tension and, at the same time, the diffusion of saponin solu¬ 
tion tends to lower it. If the stretch is a rapid one the total effect is, as we 
have seen, to raise the surface tension. If the stretch is infinitely slow the 
surface tension will continue the fall which was oconning before the stretching 
started. It is to be expected that with intermediate rates of stretching, the 
behaviour of the surface tension will be intermediate between these two 
extremes and that the surface tension in a rapidly stretching surface will, 
other things being equal, be higher than that in a slowly stretching surface. 
This condusion is probably confirmed by the fact that when the saponin 
solution is caused to flow at a steady rate until the drop falls the sue of the 
drop is increased by increasing the rate of flow. Thus, in one experiment, 
the volume of a drop formed in 66 seconds was 0*0280 o.c., while that of one 
formed in 11 seconds was 0*0294 c.o., and drops formed at intermediate rates 
had intermediate volumes. This phenomenon is known to occur with many 
surface-active solutions (Beroeller, 1914; Ttaube and Somogyi, 1914; WoU, 
1923). 

When stretching ceases, the rate of fall of surfoce tension depends on the 
rate at which the stretch has occurred. After a rapid stretch the fall is 
apparently more rapid than after a slow stretch. In one experiment drops of 
0*026 o.c. formed in about 6 seconds fell 45 and 47 seconds later, while a drop 
of the same volume formed slowly (in 24 seconds) did not foil till 76 seconds 
after its formation was complete. During the stretch the surfoce tension was 
presumably higher in the quickly formed drop, but when stretching ceased the 
surface tension fell so rapidly in this case that it reached the arbitrary level 
represented by the volume of the drop sooner than in the case of the slowly 
formed drop. 

This somewhat paradoxical phenomenon has been repeatedly seen under 
conditions similar to those described above. It is well shown in the following 
eqietiment. When the micrometer head was rotated at snoh a rate that the 
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Yoluma of the drop increased at the rate of 0-CMX)2 o.o. per second, the drop 
fell after 2 minutes 26 seconds, so that its volume was 0*029 o.o. A drop of 
0*028 O.O., however, formed in about 5 seconds, fell within a second of the time 
when its formation was completed. Since this second drop was smaller than 
the first the surface tension was lower after 6 seconds than that of the other 
drop had been after 145 seconds. 

Decreasing the Area .—If some of the liquid bo rapidly withdrawn from a^ 
drop of saponin solution by means of the syringe the surface area is diminished 
and the concentration of saponin in the surface must be, at any rate momentarily, 
increased. Under these circumstances the surface tension falls ; the girth of 
the drop diminishes considerably, but its total length may be actually increased. 
If sufficient fluid is withdrawn the surface tension reaches so low a value that 
a portion of the drop falls oS. If the movement is made very rapidly, very 
small drops may be made to fall, and it seems probable that the surface tension 
of a rapidly contracting surface may fall to zero, or lower. If none of the 
liquid falls, the long thin drop slowly contracts up and becomes more nearly 
spherical. These changes in the shape of the drop are shown in fig. 2. They 



Fia. 2.—1/600 saponin solution. Diameter of tip, 0*0007 om. Shape of image of drop 
thrown on a soreen: A, drop, of ▼olume 0*0182 o.o., after hanging 2 minates. B, 
same drop, immediately after its Tolume was reduced to 0*0004 o.o. C, same drop, 
30 seoands later. D, same drop, 15 minutes later. 

may be explained on the assumption that the diminution of the surfooe has 
increased the concentration of saponin beyond its equilibrium value and that 
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it difEuaes slowly back into the eolation os the suiieoe tension rises egsin. On 
the other hand, if the sudden deorease in volume is only slightly less than that 
necessary to cause the drop to fall immediately, the drop may slowly lengthen 
out and fall after several seconds. 


DitouBsim. 

It will be seen that, in many ways, the surhuse of a saponin solution behaves 
liln a viscous-elastic system of the kind discussed by Gasser and Hill (1926) 
and Levin and Wyman (1927). Thus, a fairly rapid increase or decrease in 
its length and breadth produces an immediate increase or decrease in its tension; 
these immediate changes in tension are followed by slow changes in the reverse 
direction; and a rapidly stretching surface has a larger tension than a slowly 
stretching surface. The effects of very rapid alterations of length have not 
been studied. These facts are in accord with the conclusions of Shorter (1906), 
who found that the surface of a saponin solution acted on a rotating disc like 
a viscous-elastic system. 

A simple explanation of the rapid changes has been given above in terms of 
the changes which must necessarily occur in the concentration of saponin in 
the surface. It has been suggested that the slow changes are due to the 
diffusion of saponin. It is not necessary to postulate the formation of any 
structure capable of exerting forces, to explain these particular facts, but it is 
known that a definite structure does exist. Plastic skins form in the surface- 
phase of solutions of saponin and many other substances (Bamsden, 1904; 
Wilson and Hies, 1923) and are responsible for the formation of persistent 
froths. It is possible that the phenomena described above ate due, in part at 
least, to forces acting in these skbs. 

The behaviour of the tension of the surface of these saponin solutions may 
also be compared with that of plastic bodies, such as a piece of stretched rubber 
or muscle, The analogy is made closer in this case by the fact that the e<]aation 
which has been found convenient to express quantitatively the fall of surface 
tension with time is identical with that which gives most accurate expression 
to the fall of tension in a piece of stretched rubber (Whitby, 1920). A aimiUv 
equation has been found to apply to the after extension of muscles (Langeloan, 
1615). Since muscles contain large quantities of surface-active subetanoes, it 
is possible that similar forces ore acting in the after-extension of muscle to those 
controlling the tension of the stretched surfaces of saponin solutions. In 
neither case are the forces necessarily acting actually in the snrboe layer of 
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the molecules. In both cases the slow changes of tension may be due to the 
diffusion of molecules which affect the tension. 

Other tkluticne. 

It has been mentioned that the fall of surface tension in the newly-stretched 
surface of Bolutions of bile salts, serum and a broth culture-medium was found 
to follow a course similar to that of saponin solutions. With the crude methods 
used, those other solutions did not show most of the other reactions desoribed, 
but nevertheless it is probable that the differenci: 1 k^ tween saponin solutions 
and aolutioiiH of other surface-active substances is quantitative rather than 
qualitative. Many different }iy<]rophilic colloids form plastic skins on their 
surfaces (Ramsden, 1904). Tlie large size of rapidly forming drops compared 
with slowly forming ones is also characteristic of many surface-active solutions. 
In some experimentH with cat serum, <iilut<'d to 10 times its volume with 
distilled water, it was found that the total age on falling of a drop which was 
formed at a slow steady rate was about 10 times that of a drop formed rapidly. 
In the same way the total age on falling of a drop formed in two stages was 
greater than that of a dn>p of tlie same size formeii in one stage. 

All these surface-active solutious thus have much in common, and it is 
possible that more delicate methods of observation will show that the surfaces 
of most surface-active solutions have the plastic properties that are so clearly 
shown by saponin solutions. 

Some Sources of Error in tJie Measuremeiit of Surface Tension. 

Surface-active substances tend to be adsorbed on the walls of the syringe 
and during an experiment their coucontiation in the solution falls. This fact 
introduces au error iu the results, since as time goes on drops of a given size 
tend to remain longer on the nozzle before they fall. This phenomenon must 
occur whenever a surface-active solution is kept in a vessel without stirring, 
and must thus cause an error in most mctliods of measuring the surface tension. 
This error is in those experiments increased by the fact that the content of the 
syringe is small, and thus has a large surface in proportion to its volume. The 
observed variation in the results due to this cause was usually not larger than 
0*05 dynes per centimetre. Constant readings could, however, with some 
solutions only be obtained by filling the syringe 15 minutes or so before the 
readings were taken. 

If the solvent evaporates from the drop the weight of drop which falls will 
be overestimated. If the drop absorbs moisture its weight will be under- 
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estimated. It was found by actual weighing of the drop that no sppieoiable 
evaporation or condensation of water occurred in 15 minutes at room tempera¬ 
ture if the nozzle was enclosed by a small glass vessel wetted with the solution 
under test. It would be tedious to attempt to measure by this method the 
surface tension of surfaces older than this, and the method is thus not well 
suited to the measurement of the equilibrium value. The measurement of 
this is, however, usually not necessary, and sometimes impossible, since 
equilibrium is not attained even after 4 days (du Noiiy, 1926). When the 
surface tension falls to a minimum and then increases (Wilson and Ries, 192S) 
the later changes cannot, of course, be followed by the method described in 
this paper. 

The slow lengthening of a rapidly formed drop must be associated with 
some change in its surface area, but this change cannot be large and it probably 
has little effect on the surface tension. The method can thus be considered 
for practical purposes a " static ” method of measuring the surface tension of 
a surface of any age. The actual detachment of the drop is a comparatively 
rapid process which must entail sudden changes of surface tension. The 
surface tension on which the result depends, however, is probably the value 
in the practically static drop when it becomes unstable. 

The fonnation of the drop has been carried out as rapidly as possible by hand 
(t .e., in about 5 seconds). This crude method appears to give sufficiently uniform 
conditions for most purposes, though large alterations of the rate at which it 
is carried out have a definite effect on the subsequent rate of fall of surface 
tension. 

When drops arc allowed to form at a steady rate the tension in their surfaces, 
which are being constantly stretched, is higher than that in a surface of the 
same age which has been rapidly formed, and then left stationary. Its exact 
level will depend on the rate of stretching. In Traube’s method (1910) an 
attempt is made to keep this constant by causing the liquid to flow at a constant 
rate. The rate of stretching of the surface, however, will depend on the shape 
and size of the drops and bo different for different solutions. It is thus 
impossible to obtain absolute results in this way. 

It is clearly preferable to use a method such as that deaoribed above, in which 
prolonged stretching of the surface is almost entirely avoided. The method is 
simple and gives an absolute figure for the tension in a surface of any age. 
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Summary. 

(1) The gurfaec tension of a liquid can be determined in absolute units by 
measuring the volume of drops by means of the micrometer syringe. 

(2) The slow fall of “ static ’’ surface tension in the newly-formed surface 
of a solution of a hydrophilic colloid can be followed by this method. 

(3) The apparent visc<^us-elasticity of the surfaces of saponin solutions is 
clearly shown by the changes which occur in the shape of drops. The rapid 
changes can l>e explained in terms of the cliangcs which must occur in the 
concentration of saponin in the surface. It is suggested that the slow changes 
are due to the diffusion of supoiiiri. 

(4) It is suggested that the slow changes which occur in the tension of certain 
plastic Ixxlies following a strain may also bo cl in; to the diffusion of molecules 
into positions where they affect the tension. 
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[Platbs 10 - 15 .] 

IfUrodveiory Note. 

During the past ten years, the author has been carrying out cytogenetical 
experiments with the numerous species of the Tribe Rose.® of the Family 
Rosace®. In the course of this research, 691 varieties have been examined 
cytologically and taxonomically, including representatives of 198 Unnean 
species and many natural and genetical hybrids of the six genera of the Tril)e. 
Several workers have investigated the processes of pollen formation and 
male gainetogeuesis, but, owing to various technical difficulties, no one has 
yet published a consecutive and comprehensive account of the processes of 
ombryo-sac formation in the specitjs of this Tribe. Hofhneister (1858) and 
Strasburger (1878) examined a few species of Rom and found that several 
embryo-sacs were formed in one ovule. P6choutre (1902) discovered two 
fully-developed embryo-sacs in one ovule in one spi^cies of Rosa, and both 
he and Strasburger found that the inicropylar cell of the quartet develops 
to form the embryo-sac. Tackholm (1920, 1922) examined the formation of 
embryo-sac mother cells in the irregular polyploid species of the CanituF 
Section of the genus Rosa, and discovered the remarkable unequal reduction 
derision that takes place in the embryo-sac mother o^^Us of these species, but 
technical difficulties in sectioning the older ovules and achenes prevented an 
investigation of the later stages. It seems desirable, therefore, to publish 
a general account of the processes of embryo-sac formation in Rose®, since 
the research covers new ground. 

The various stages of female gametogenesis have been investigated in 193 
varieties of 104 Tiinnean species of the Tribe, including the diploid species of 
Rosa L., Plalyrhodon Decn., and Uesperhodos Ckll., and the regular and 
irregular polyploid species* of Rosa L. Many crosses and hybrids have also 
been studied in this respect, but owing to their peculiar behaviour it is neoeasary, 
for a clear account, to give comparative pictures of both nude* and female 
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gametogcneses, so that they cannot be included in this report. The outstanding 
cytological feature of the species of the Tribe RosesD is the constancy of their 
basic number of chromosomes. With the exception of a few hybrids, all tlie 
1130 individuals so far examinetl by seven workers in Europe and America 
are Euploid, with 7 as the basic number. Of the six genera composing the 
Tribe, all the spetdes are diploid, except those of Roita L., in which the prevalence 
of polyploidy is a nimarkable feature. In this genus there are diploids with 
14 somatic chromosomes, triploids with 21, tetraploida with 28, pentuploids 
with 35, hexaploids with 42, and octoploida with 66 somatic chromosomes. 
Of those, most of the totraploid and hexaploid species, and all the examined 
octoploid species are quite regular in the formation of their n\ale and female 
gametes. The triploids are all of hybrid or garden origin, and no established 
triploid species has so far biK*n found in Nature. The remaining totraploid 
and hexaploid species and all the pentaploid species, which together eoraprise 
the old Section Canhioi {seivtu latisamo), i.e., Caninefp, Christ, 1873, are all 
irregular in their cytological behaviour and an; distinguished by a peculiar 
mechanism of gametogenesis which is at present unique in plants and animals. 
In these irregular polyploid species the functional male gametes have only 
one septet of 7 chromosomes, the remaining septets- 3 in tetraploids (21), 
4 in pontaploids (28), and 5 in hexaploids (35)—^l>oing lost in the processes of 
gametogenesis. The male heritage of all these irregular polyploid species is 
therefore that of a simple diploid species. 

On the other hand, the female reduction division in these species is regular 
but unequal, producing female gametes with 3 septets of ohromosonies (21) 
in the tetraploid, 4 septets (28) in the pentaploid, and 6 septets (35) in 
the hexaploid species; 1 septet of chromosomes (7) being lost in each 
case. The female heritage of these irregular jwlyploid species is con¬ 
sequently that of a regular polyploid species higher than itself, i,e., 
an irregular tetraploid produces the female gamet<*fl of a regular hexaploid, 
a pentaploid those of an octoploid, and an irregular hexaploid those of a 
regular decaploid species. 

By means of this remarkable mechanism, the specific somatic number of 
chromosomes is maintained whenever sexual reproduction occurs, notwith¬ 
standing the inequality of the reduction divisions. 

These irregular polyploid species of Rosa are, however, only facultatively 
sexual in their reproduction, since their seeds are for the most part apomictical, 
reproducing the mother parent in every detail. Since the frequent crosses 
\Bnd hybrids produced by sexual reproduction ore truly perpetuated from 
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the firat by apomictioal reproduction, these species are extremely polymorphic 
in their characters. 

Judging by the fossil remains of these species, this double process of 
hybridisation and apomixia has been going on from the time that they first 
appeared as hybrids or chromosomal transmutations of the regular polyploid 
and diploid species on the retreat of the ice of the Great Mindel glaciation in 
the Pleistocene Period. The present geographical distribution of these species 
is confined to Europe, Western Asia and North Africa, over an area which 
broadly corresponds with the area influenced by the Great Mindel glaciation 
in its advance and retreat. 

MaieruU and Methods, 

Material ,—^Flower buds were collected from wild bushes growing in the 
Midland and Eastern Counties of England and in North Wales ; in Switiserland, 
in the Upper and Lower Engadinc, in the Cantons Uri, Ticino and Schwyz. 
and in the northern foothills of the Jura Mountains by the author and his 
wife : in Siberia, around Lake Baikal and in Turkestan, by Professor T. D. A. 
Cockerell, of Colorado, U.S.A. Collections were also made in the Royal 
Botanic Gardens, Kew, in the Botanic Gardens of Oxford, Cambridge, and 
Basel; in the collections of Colonel Gmveieaux at La Belle Roseraio de PHay, 
Paris, of the late Canon Carew-Hunt at Albury, Oxford, and of the author at 
Burbage, Leicestershire (now at Cambridge). Many interesting results were 
obtained from plants grown from seeds collected for me by Professor Heslop 
Harrison, F.R.S., in Co. Durham, Professor Stanley Gardiner, F.R.S., in 
France, Professor Cockerell in America and Asia, Dr. Eileen Erlanson in 
America, the late Dr. Gadow, F.R.S., in Mexico, Dr, Hugh Scott in Abyssinia, 
and several correspondents in Canada and Japan. I am much indebted to 
Professor A. C. Seward, F.R.S., and Professor Stanley Gardiner, F.R.S., for 
laboratory accommodation at Cambridge, and to Mr. F. T. Brooks, F.B.S., 
for his personal instruction and early supervision in oytological technique. 
My wife has given me much assistance in the microscopical preparations and 
has made all the camera lucida drawings. I am especially indebted to the 
generosity of the Government Grant Committee of the Royal Society for 
a grant in aid of these experiments and researches, which, without their 
assistance, would have come to an untimely end. 

Methods ,—¥ot the purpose of investigating embryo-sac formation, Oamoy's 
Fluid was found to be the most satisfactory fixative, since its rapid fixing 
and greater powers of penetration ensured good preparations, which were 
not easily achieved by other methods when dealing with the hard bony aohenes 



Diploid and Polyploid Species of Roseee. 


129 


of Rosa. In the courne of the work it was found advantageous to leave the 
material in Camoy's Fluid for a considerable period, at least 24 hours and 
preferably longer, even up to 3 or 4 weeks, since material treated in this way 
showed better fixation and good penetration of the paraffin wax, which 
consequently led to easy sw.tioning. 

VariouH stains were used, according to the stage to be investigated. Iron- 
Alum—HsBrnatoxylin gave good pictures of enibryo-sacs, but for counts of 
chromosomes Gentian-Violet—Orange G was foiuid to be a more satisfactory 
stain. In other cases Flemming’s Triple Stain, Cyunin-Erythrosin and other 
transparent stains were used. 

In examining the microscopical preparations, a Watson’s Oil-Immersion 
Condenser was used (aperture 1 -34) with either a 1 ‘S-mm. Zeiss apochromatic 
objective or an apochromatic 7 V X10 eyo-piece for Rean-hing and X 20 
for detailed examination. 

All the drawings maile w ith an Abb4 cnni(‘ra lucida with tlie board at 
table level. 

Emhryo-sac Famatimi in Diploid and Regular Polyploid Species of Roseee. 

The processes of megaspore formation are so similar throughout all the 
regular species, whether diploid or polyploid, that one description will cover 
them all. Tlie first differentiation of the megosporangiul tissue takes place 
immeiliately before or during the first division of the pollen mother ceils. 
The integuments appear at this time and grow rapidly, the nucellar tissue 
quickly adding layer after layer. During this growth the embryo-sac mother 
cells, of which many form in each ovule, become elongated and pass into 
synizesis about the time of the reduction division in the pollen mother cells 
or rather later. This condition persists for a considerable time, and while 
the pollen mother colls complete their second division and while the resulting 
microspores grow into pollen grains, the sixe of the ovule rapidly increases. 
The integuments grow up and join at the top of the nucellus and many more 
layers are added to the latter. The embryo-sac mother cells become much 
elongated and form a nest of long and rather narrow cells in the lower part 
of the ovule. The number found in each ovule is variable even in the same 
flower-bud, but there arc commonly about four layers at the chalaEal end 
each with four cells and frequently one or two apical layers above. A few 
species, notably the CC diploid septet species R. rugosa Thunb. cm., have 
comparatively few embryo-sac mother cells, occasionally only two or three, 
but usually eight or nine. 
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The nuclei pass through the same stages as the p.m.c. ami the reduction 
division (fig. 2, Plate 10) usually coincides with the first division of the 
nuclei in the young pollen grains. Cytomixis has not yet been observed 
in the e.m.c., and as it apparently depends much upon external con¬ 
ditions, it is possible that the embryo-sac mother cells being in a 
more protected position than the anthers are less likely to be affected. 
During the division stages, the presence of many e.m.c. is a great 
advantage since one may find divisions going on for a considerable period 
and all stages may be found, from synizesis to the completed quartet, 
in one and the same ovule. The inner cells are the first to divide and 
the early stages and first division are similar in all respects to the corre¬ 
sponding division in the p.m.c., the chromosomes forming t 3 rpiGal gemini, 7 in 
the case of the diploid species (2n = 14), 14 in the tetraploid ( 2 * 1 ^ = 28), 21 in 
the hexaploki (2w = 42) (fig. 1, Plate 10), and 28 in the octoploid species 
(2n = 56). The anaphase and telophase stages are carried through with 
great regularity and a dyad is formed with a cell plate dividing it into two 
cells (fig. 3, Plate 10). The second division spindles are formed in the same 
plane as the first division spindle, one above the other with the poles pointing 
to the micropylar and chalazal ends of the ovule respectively (figs. 2 and 4, 
Plate 10). Thus a regular quartet is formed, the four cells lying in a more 
or less straight row (fig. 5, Plate 11). 

One remarkable case of irregularity was observed in a tetraploid (labelled 
Jt. Befffferutna, but more nearly allied to It. Fedschenkoana Regel), found at 
Kew. The p.m.c. divisions showed an orderly and regular tetraploid behaviour 
with 14 gemini and regular divisions. Since the plant was observed to be 
sterile, the e.m.c. were examined and in most cases there were 28 single 
chromosomes at diakinesis instead of the 14 gemini, or more rarely a variable 
number of gemini and singles. The singles appeared to reduce irregularly at 
the first division, and did not carry through an equatorial division, causing 
great irregularity and rapid degeneration. The presence of occasional 
embryo-sacs may have been the result of more complete pairing and conse¬ 
quently regular reduction or by the equatorial division of a 28 single chromo- 
Bomed nucleus giving a diploid” embryo-sac. The presence of apomixis 
consequent on this irregular behaviour is, however, unlikely since the plant 
was almost infertile and the few seeds sown failed to germinate. It is possible 
that the plant is a hybrid though, if so, the regularity of the pollen divisions 
is remarkable. This was the only case of irregularity found in the e.m.c. of 
species examined, all others behaved normally. 
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In all the regular species, while the innermost cells, which have divid*Hl 
first, ore preparing for further development, the outer eeUs carry out their 
division. In some cases, degeneration sets in quite early in these outer cells 
giving rise to irregularities of division such as lagging chromosomes, so that 
it is not safe to take the boliaviour of the chromosomes of these cells to be 
typical for the plant. In most cases, however, they perfonn a regular reduction 
and many reach a 2>iiucleatc embryo-sac stage or even attain to the 4'nucleato 
stage. Their continuance or discontinuance, however, depends largely on 
the number of o.m.c. present, those ovules with many showing much earlier 
degeneration of the outer cells than those with few. There is also a great 
difference in the stage of development between the ovules themselves. In 
the A A and EE septet species and some sub-species of the BB septet spiicies, 
in which the achenes are basi-parietal, the ovules in those at the base of the 
receptacle are much mon; advanced than those up the sides, while in tlie OC 
and DD septet sjiecics and other sub-species of the BB septet species, in which 
the insertion is inostlv basal, the ovules arc all at approximately the same 
stage. In some cases, the outer cells remain in synizesis for a long time and 
one may often see some in this condition at quite a late stage of embryo-sac 
development. As a rule, however, they degenerate fairly early and are 
absorbed by the rapidly growing central sacs. 

The central megaspores wliich reduced first are now developing into embryo- 
sacs. The micropylar cell of the quartet usually enlarges to form the funetionnl 
embryo-sac (fig. 6, Plato 11), but this is not entirely constant, for one may 
occasionally see the chalazal (fig, 5) or oven one of the two central cells con¬ 
tinuing in some cases. This condition does not appear to be confined to any 
particular species since one may see the two conditions in different ovules in the 
same flower-bud or even in different quartets of the same ovule in some spetaes, 
Afzelius (1924) found a similar condition in ci*rtain Bp<*cies of Senecio and alUed 
genera. In these genera the chalazal cidl usually peiHists, but in some cases the 
micropylar or one of the middle cells of the quartet appeared to be enlarging 
for division. Afzelius doubts, however, whethei* these would-continue and he 
thinks it is possible that they would degenerate later and their place be taken 
by the smaller chalazal cell. It is difficult to follow the later stages of the 
quartet in Rosa in order to determine the ultimate fate of the cells or to judge 
the previous position of the developing one with regard to the others. The 
three cells which do not continue, degenerate with great rapidity and their 
places are quickly taken by the various embryo-sacs which arc in course of 
formation, all trace of their former position being obliterated and the whole 
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mAsa of growing embryo-aaos and still undivided lateral cells fonn such a 
confused assembly that it is almost impossible to sort them out with any 
degree of acouracy until a later stage, save in the few cases in which only one 
or two sacs are formed. 

The first sign of embryo-sac formation is the enlargement of the cell, which 
is to continue, often accompanied by vacuolation of the cytoplasm. The 
nucleus also enlarges considerably and may often be pushed towards the side 
of the cell by a large vacuole, giving it a very similar appearance to the pollen 
grain just before the first division, as it appears in many species. The division 
takes place on the same plane as the previous divisions and the two nuclei 
resulting lie each at one end of the now rapidly elongating sac, usually separated 
by a large vacuole (fig. 7, Plate 11). The second division (figs. 8,9 and 10, Plate 
11 ) occurs quickly, and as a rule after the division there may be seen two 
nuclei lying closely together at each end of a long and narrow sac separated 
by a long narrow vacuole (fig. 11, Plate 11). In a few cases, in which the sac is 
broader and leas elongated, the four nuclei lie in a quartet-like row in a short, 
thick embryo-sac (fig. 12, Plate 12). 

The sac now enlarges considerably and penetrates farther and farther up 
towards the micropyle until finally it rejwshes as far as the junction of the 
integuments. Usually it ceases hero, but sometimes it may penetrate nearly 
through the integuments or, curling round half-way, grow up the space between 
the nucelliis and the integuments for the last part of the way. The Inst division 
to tlie 8-nucleate stage (fig. 13, Plate 12) does not take place until very late, 
in many cases not until the pollen tubes are already half-way down the styles, 
but more generally when the pollen is just begiiining to germinate on the stigma. 
This lost division takes place very rapidly, tho cytoplasm surrounding the 
nuclei furrows and two synergids form at the extreme apex of the sac with the 
egg cell immediately below, while the first polar nucleus moves quickly down 
the long narrow sac to meet the second polar nucleus (fig. 16, Plate 12). The 
meeting takes place about one-third of the way down the sac (fig. 17, Plate 12) 
except in cases where division of the lower cells has been somewhat belated, 
when it may take place lower down. The two nuclei lie closely pressed together, 
but do not fuse before fertilisation. The three antipodal nuclei quickly disappear. 
They sometimes lie in an axial row (fig. 16, Plate 12), but more usually form 
a triangle with the apex to the ohalazal end of the sac (fig. 14, Plate 12), The 
cytoplasm furrows and three small cells are formed, which rapidly degenerate. 

Meanwhile the other e.m.c. also have been dividing and developing to form 
embryo-saos. In some cases a second cell has kept pace with the first, giving 



133 


Diploid and Polyploid Species of Rosese. 

two folly developed aaos, but frequently the other Aacs formed (usually from 
two to six) remain at the 4-nucleate stage and degenerate about the time 
of fertilisation. When two 8-nucleate sacs occur, one is usually rather above 
the other, often curled over it, and hence is fertilised first (fig. 20, Plate 13), 
the second sac rapidly degenerating. No cases have been seen of two sacs 
being fertilised in the same ovule, and only very rarely do more than two 
S-nucIeate sacs develop in the regular species. 

In spite of the large amount of material cut, the actual stage of fertilisation 
has been missed, although pollen tubes have been seen penetrating the 
mioropyle (fig. 18, Plate 12) and the immediate after-stages have also been 
observed. Apparently fertilisation docs not take place until several ^ys after 
the fading of the flower. After fertilisation the fertilised egg cell remains 
dormant, while the endosperm nuclei begin to divide. When a single lining 
of free endosperm nuclei lias been formed around the sac, the first division of 
the fertilised egg ccdltake^i place (fig. 19, Plate 13) and a normal embryo quickly 
develops (figs. 21, 22, 24, Plate IS). The c^ndospenu now commences cell 
formation, beginning first in the centre and top of the sac and forming a layer of 
very thin liexagonal cells (fig. 23, Plate 13). liSter it grows inwards and more 
or less fills up the cavity of the sac, but disappears rapidly as the young 
embryo grows and fills up the sac, until in the end only a siugle layer is left. 

Endosperm divisions observed in R. Sayi, Schwein, a hexaploid speoies 
(n = 21, 2n = 42), showed that triph‘ fusion had taken place. The chromo¬ 
somes were very thin and elongated, wliich made counting difficult, but it 
was obvious that the number was about GO, and a few good plates gave clear 
counts of 63 (fig. 25, Plate 13). 

Seminal reproduction in the diploid and regular polyploid species of Rosa 
is apparently wholly sexual, and there is no genetical or cytological evidence 
of apomixis in these species. 
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Table 1.—^Diploid and Regular Polyploid Species. 

List of Diploid and Polyploid Species of the Tribe Rohccp in which the 
Embryo-sacs have been examined by the author, with the number of 
Varieties examined in each Species and the number of Male and Female 
Gametic Chromosomes and Somatic Chromosomes found. The Species 
are arranged in their Cytogenetical Groups with Septet and Linnean 
Species (Hurst, 1928). 




Chromosomes. 

VftTB, 

Group.. I 




Gamotio. 

1 Somatlo. 



TRIBE 




Genus iZoM. L. 



88 

' Dihloiu Si*iunRN-- 

7 

14 

21 

AA Septet Species— .... 

7 

14 

3 

R, orvenaw, Kudu.. 

7 

14 

1 

JZ. moacAola, Uerrm. ... 

7 

14 

1 

R. Brunc>H%i, Lmdl. 

7 

14 

1 

JR. Ltmf^nauUianat Wight et Am. 

7 

14 

2 

H. lon/dicuBpia^ Bertol. 

7 

14 

1 

R, Smlitana, Or^p. 

7 

14 

1 

R, BtUntr, Rehdr. et Will. 

7 

14 

1 

R. BubfUM^ L6v. et Van. 

7 

14 

1 

JZ. Auiir«ia!, Ai(. 

7 

14 

2 

R. cAiaen^w, .laca. ... 

R, anemonfJifjTa^ Fort, ex Lindi. . .. 

7 

14 

\ 

7 

14 

2 

R, m^ifiora, Thunb. . 

7 

14 

1 

R, Wtdtvraiana, Cr6p.... 

7 

14 

1 

iZ. Michx. . 

7 

14 

2 

R, (IJnnean undesoribed) ... 

7 

14 

22 

3 

fi£ Septet Slides— 

R, atricfOy Lindl. <oxq 1. (ig.) . . 

r 

7 

14 

14 

6 

R, omeien^M, Koife . 

7 

14 

2 

R, Wthbiana, WaU. 

7 

14 

2 

R. atrtola, Koife . .. 

7 

14 

1 

A. WiAmottMTp Heinsl. 

7 

J4 

1 

R. aDantaina, Lindl. . . 

7 

14 

3 

R, Hugenia^ Hemsl. , , 

7 

14 

2 1 

R, tiahuUca, Boies 

7 

14 

2 

R. gymw)earpa^ Nutt. . . 

7 

14 

14 

CC Septet Species— . 

7 

J4 

5 

R. Twgoaa, Thunb. . 

7 

14 

1 

R, nipp<mf%aia, Cr^p. . 

7 

14 

4 

R. nUtdfh Vi^illd. ... . 

7 

14 

4 

R. (Uiinean species, undesoribed). 

7 

14 

19 

DD Septet Species— ... . 

7 

14 

2 

S, eimiamomea, L. 1750 (non 1753) . 

7 

14 

3 

JZ. Beggeriam, Cr4p. (p.p. non Sohiwk) . 

7 

14 

1 

B. MatMif lir. . 

7 

14 

1 

R. Woodaii, lindl. 

7 

14 

2 

R. Fendieri, Cr6p. ... . 

7 

14 
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Table I—(coatinued). 


Vara. Groups. 


Diploid SpkoiKS—<oontd )— 

DD rteptt't Speoi0H--{fnrit-d.)— 

1 It. bidf.niiculata, Rydb. 

L H,JohwUmii, Kydb. 

2 It. btnnda. Ait. 

3 H. palu^tnt, Man^h {R. carolttut, J^. 17ti2 nun I75^i) 

3 R. (IJnnoan hiwHon. undoacribc'd) 

i*J KK Si'ptpt Speck*H— 

I R. niarrophtfUa^ Idndl. 

3 H. corymiultiJia, ilulfu 

1 It. Otraldit^ (^rep. 

1 H. phgantuh, lliilfo 

1 J R, Rolf(* 

5 I H. (Linuean tipocieiji. uiidi'acnbeil) 

61 ! UkuULAK PoLVPI.(JI1t Si’BC'lhH. 


Chromowfflpfl. 


Gametic. Somatio. 


7 14 

7 U 

7 M 

7 U 

7 14 

7 U 

7 14 

7 14 

7 11 

7 14 

7 14 

7 14 


47 

It 

b 

3 


7 

1 

6 

4 
1 
1 

10 

1 

5 
L 
1 
2 

1 

1 

18 

14 

1 
) 

2 


11 

4 

2 

2 


Hkdi'lab Tkthaploid SrifiriES— 

AACX‘ Septet SpecieH— . . 

R. cenlifoim, L. 

R. riibra, Rlaokw. 1757 {R. gaU%m L. 1759 non 1753) 
/{. da?ru»An« na, Ulai-kw. 

AAKK Septet Species— . . 

R. DarCiii^ (Tr4p. (R. ^iipoda. Hemal. et WiIm.) 

BBCtJ SepUd. Spe^'iee— , 

R, spiiiMiMimn, L. 1762 
R. myriaeatUha, U.C. 

R. (linnoaii speeieis undoiKTi)^!) 

BfiDD Septet Spt^ieB— 

H. pimpinelUfolia, D. ]7y» 

H. aUaicit^ WiUd. 

R. yrandijlora, bindl. 

R. FfuUschenktkina, lU^el. 

72. (Linuean Hpeeiea^ undeiieribed) 

CX^DD Septet vSpe<'ieH— 

72. vtrginiana, Mill. (72. lucid/t, Rlir.) 

DDEE Septet SpocieH— 

72. pendulina, L. J75.3 (72. alpina, L. 1762) 

72. Mavyrana, Kmet ex Kern. 

72. laxa, ReU. in Hoffin. (non Lindl., nec Hort.) 

72. (Linuean Bpeoiee, nndescri bed) ... 


RxauLAB Hsxaploid Species .. 

AABBKB Septet Speoiee— 

72. MoyMiit llem^ et W^iU. 

I 72. Rwfginaowii. Koehne in Fedde 


14 

26 

U 

2H 

14 

2H 

14 

28 

11 

28 

14 

2H 

14 

28 

n 

2H 

H 

2H 

14 

28 

14 

28 

14 

28 

14 

28 

14 

28 

14 

28 

14 

28 

14 

28 

14 

28 

14 

28 

74 

28 

14 

28 

14 

28 

14 

28 

14 

28 

21 

42 

21 

42 

21 

42 

21 

42 
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Table I—(continued). 


Vftra. 

Groups. 

Chromosomea. 

Gametic. 

1 Somatia. 


Rniiii.AB UsxAFLOin Sfkcikb—( contd.)— 


1 

! 

J 

AACOKE 8eptot Speoiei— 
j R. ffrmAZffyano, Taokh. 

: 21 

42 

1 

21 

42 

4 

AADDKE Septet Speoiofl— 

22 

I « 

•A 

R. nutibaita, Frail. 

1 21 

42 

1 

R. NuUaUiana, Hort. Kew 

1 

21 

42 

1 ’ 

1 BBODEK Septet SpcnneB— 

22 

' 42 

1 1 

1 R. A'n^p’.imafiu'. S. Watn. 

21 

1 « 

1 

J ' 

I CCDDKE Septet Specieti^ 

t 21 

i 

1 1 

R. Rayi, Sphwein. 

1 

21 

1 42 

1 

3 

I 

RKni’LAR (><’TiipU)irj .SrtK'iKM— .. 

2S 

66 

2 

1 ! 

1 AACCDDEK Septet Smoiefi— ... 

R. ncicHlaridy Hort. Kuw {R. adcularis^ Lindl. p.p. 1 

28 

56 


oum icon.) . 

28 

66 

1 ' 

R, acicHiari^, Hort. Grsvereanx.. . .. 

28 

56 

1 

BBCCDDEE Septet tipeoiM— 

28 

66 

\ 

R. OaictUenne, Turos. 

{R, acicuiaTw, Lindl. p.p. ezcl. flg.) 

{R, acicuiaris, Hort. Cantab.) 

Qeniu FIaiifrhodo% Decaiene. 

28 

56 

1 

PltUyrhodfm micrvpkylla^ Been. 

mierophyUa, Itoxb. ex TJndl.) (non Deaf.) 

(J2oia Roxburghii, Tratt.) 

(iSaiiUpierreo Germain) 

Genua Htspn^hodoa, Oookerell. 

7 

14 

i 

1 

fftsperhodoa minuUfoliot subap. ntirifica. Hunt 
(i^oM miHRcaf Greeno) 

{lltsperhodoa ^nirifica, CkU.) 

7 

14 


Embryo-sac Formation in the Irregular Polyploid Spedea of Rosa L. 

Tbi< ioimation of the female gametes has been examined in a representative 
set of the Irregular Tetraploid and Pentaploid species of Rota L., and the 
discovery of the unequal reduction division in the embryo^ao mother cells 
by Tackholm (1920 and 1922) has been fully confirmed. A large number of 
embtyo-sac mother cells is formed in most cases, several mote than those 
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UBiially found in the regular species. Up to the reduction division the 
behaviour is the same as in the pollen mother cells, but after this it is entirely 
different. As in the regular species, the hrat meiotic division c>oiacides 
approximately with the first division of the pollen grain nuclei. In diakinesis 
seven bivalent chromosomes appear, the chromosomes of the remaining septets 
being unpaired. In the first meiotic division the seven bivalents form a 
regular equatorial plate, but the univalents do not form up around them as in 
the pollen. As the bivalents pass to the plate the univalents all collect at the 
micropylar end of the cell (figs. 26 and 28, Plate 14), whore they are presently 
joined by seven of the n'duced bivalents which have carried throiigk a normal 
reduction division (fig. 29, Piute J4), Thus u regular dywl is formed, the lower 
cell containing a nucleus with only seven chromosomes, while tlie upper one 
contains the other seven plus all the univalent clu’omoHomes (figs. 27 and 30, 
Plate 14), giving the unequal but regular reduction division of 7-21 chromo¬ 
somes in the t<?traploi(l species, 7-28 in the pentajdoids, and 7-3.5 chromosomes 
in the hexaploid species. 

The second meiotic division is normal and n*gular, btung equatioual and 
non-reductional as in the regular species except for the different number of 
chromosomes included on the two spindles (fig. 30, Plate 14), the lower one 
having only 7 while tlu* upper spindle has 21, 28, or 36 respectively in tetra- 
ploids, pentaploids and hexaploids. A regular, but unequal quartet of 
megaspores is formed, the two upper inicropylar cells and nuclei being much 
larger than the two lower cholazal tolls and nuclei (figs. 32, 33 and 34, Plate 15). 
In this way a remarkable mechanism is established whereby, through unequal 
ayngamy, the somatic number of chromosomes is carried on to the next 
generation. The upper micropylar cell of the quartet, with its complement of all 
the univalent chromosomes 14, 21 or 28, plus 7 of the bivalents, continues to 
form the embryo-sac and, being fertilised by a male gamete containing 7 
chromoBomes, re^tablishes the original somatic number of 28 in the tetra- 
ploids, 35 in the pentaploids and 42 in the liexaploids. 

Sozne deviations from this regular division o(Jcur, some univalents being 
seen at the chalaxal pole and odd chromosomes arc extruded from the 
daughter nuclei, but since these irregularities occur as a rule only in the 
outer cells which soon degenerate they have no more significance than s im i lar 
irregularities in the outer cells of the regular species (pp. 130-131). 

So far as observed, the central or inner cells which form the embryo-sacs 
were entirely regular in their unequal reduction. Tockholm (1922) found that 
about 76 per cent, of the embryo-sac mother cells carry through the regular 
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unequal division while the author found 72 per cent., which is near enough 
to Tackholm’a figure to confirm his statement. 

These described divisions being reductional are obviously sexual. Although 
careful search has been made through a large amount of material there is so 
far little cytological evidence for the apomictical development of embryo-sacs 
which gcnetical experiments and data demand. Hundreds of diakineses 
observed all show the 7 paired chromosomes instead of all single chromo¬ 
somes as would be expected in apomixis. Three cases have been soen, 
however, of metaphases in which all the chromosomes were on the 
equatorial plate (fig. 31, Plate 14) and appeared to be carrying through 
an cquational, non-reductional division, and a few isolated telophases 
have been observed wliich appeared to have approximately equal 
numbers of chromosomes at each pole. Large numbers of quartets 
examined show two large micropylar cells and two small chalazal cells, 
but here also there are occasional quartets with approximately equal 
cells. If the equational divisions observed in the embryo-sac mother cells are 
the origin of the apomictical embryo-sacs there is a possibility that they may 
be formed straightway without passing through the sexual dyad and quartet 
stages, thus reducing the probabilities of ol)Scrvation. In the heterogeneous 
collection of early embryo-sac development with dyad and quartet formation 
in both the inner and outer and the upper and lower ixslls, it is extremely 
difficult to make accurate observations at this stage in order to determine 
which arc single cells and which parts of dyads, quartets or embryo-sacs, 
especially as tliey may be often, not only curled round one another in the 
struggle for development, but also actually one above the other, giving a row 
of cells which may contain a single cell, a dyad and a quartet. As in the 
regular species, many of the outer cells remain in synusesis until a late stage, 
but these have no significance since later evidence shows that it is the first 
formed embryo-sacs that produce the embryos so that tlic apomictical divisions 
must be carried through first of all and also in the central cells which always 
produce the surviving embryo-sacs. 

In the formation of the sexual cmbryo-sacs the topmost or i||^r micropylar 
cell of the quartet which carries all the univalents and the reduced number of 
bivalents, is usually the functional one, though in many oases the lower micro- 
pylur cell may divide once and occasionally even twice (figs, 34, 36,36, Plate 16). 
The two chalazal cells, containing only the 7 chromosomes, usually degenerate 
rapidly, though even here one may at times find one division taking place 
(fig 36). There is the possibility that a fusion might take place between 
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one of the micropylar nuclei and one of the ohalaaal, thus producing an 
apomictioal sac. That the fusion should take place between adjacent 
quartets is excluded, since segregation would result, unless a perfect 
state of homozygosity is present in these species, in which case normal 
self-fertilisation would have the same result. If one of the lower cells 
should persist and form an embryo-sac an interesting result might follow 
in the formation of a diploid spocum by fertilisation with a 7 chromosome 
male gamete. Such an occurrence is remote, however, since the small sacs would 
be rapidly displaced by the larger ones, unless by some abnormality only 
chalazal cells continued. The subsequent development of the embryo-sacs 
is the same os in t\w regular species except that in the irregular species there are 
consistently two cqiial-sizixl and equally well-formed 8-nucleate sacs in each 
ovule, and often more, as many as five having been counted in one ovule. 
Many 4-nucleate sacs occur around the main ones as in the regular species 
(fig. 38, Plato 15), which eventually degenerate. The fact that at 
least two complete embryo-sacs arc present in each ovule may be 
significant, since one may be sexual and the other apomicticol 
as in Hieracium (Rosenberg, 1906), though in the case of Hieraoium 
the apomictical sacs are of nucellar origin. Various counts taken in 
the developing embryo-sacs of JRosa all show the reduced number of 
chromosomes and, so far, none with the full somatic number have been 
observed. The occurrence of nucellar or integumental embryo-sacs with the 
somatic number of chromosomes as found by Rosenberg (1906) in Hieracium, 
and by Chiarugi (1926, 1927) in Artemisia, has not been observed in Rosa, in 
which the most probable source of spomictical embryo-sacs appears to be the 
equationsl divisions of embryo-sac mother cells, leading straightway to the 
^ formation of apomictical ombryo-sacs with the full somatic number of 
chromosomes, the normal first reduction division being omitted. Lat<;r cuts in 
several species show in all cases a perfectly nonnal embryo (fig. 39, Plate 15) 
in one of the embryo-sacs, the others degenerating after persisting for a time. 
These embryos are apparently formed from an egg-ccU in the usual way and 
are surrounded by endosperm as in the regular species. Divisions in the 
endosperm are difficult to find, and although a great deal of material has been 
cut, no divisions showing that triple fusion lias taken place have been mot with, 
although the adhesion of the two polar nuclei has been observed (fig. 38). 
If the embryo-sac is apomictical with a double fusion of polar nuclei instead of 
the sexual triple fusion, there should be 7 more chromosomes present in the 
radospenn than in a fertilised one, since the male gamete would only bring in 
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7 ohromosomes while the two aponuetioal polar nuolei would each have 7 
ohiomoflomes more than those in sexual sacs. (Apomiotioal doable fasion» 
35 4- 35 — 70. Sexual triple fusion, 28 4 28 4 7 = 63). Since there is always 
a large percentage of bad pollen in these species, the pollen-grains on the 
stigmas are not so numarons as in the regular species, but a few grains may be 
observed germinating on the stigmas and their tubes penetrate freely do?m the 
styles. The actual stage of fertilisation has been missed, but in some oases the 
tubes have been seen entering the micropyle. In R. glaucophyUa var, 
jumsrica, collected by the author at Schuls in the Lower Engadine, a pollen- 
tube was seen approaching the embryo-sac. In view of the fact that hybrids 
are easily produced in crossing these irregular species with regular and other 
irregular species, and that the progeny show the expected number of chromo¬ 
somes from a reduced sexual embryo-sac, it is evident that the sexual sacs 
persist, and it may be that the apomictical sacs are also present and function 
in the absence of fertilisation. That the own pollen of the irregular species 
should fail to function is remarkable, but the absence of any segregation or 
variation in “ selfed progenies shows that they must either be produced 
apomictically or that there is a definite and unusual homozygosity within the 
varieties of the species. Self-fertility in theae species has not been demon¬ 
strated, and self-sterility leading to the functioning of the apomictical sacs in 
the absence of foreign pollen may be the explanation, since the pollen of the 
irregular species put on to other irregulars and on to regular species functions 
normaUy, though naturally not so freely as that of species which have 100 per 
cent, perfect pollen. In those species in wliich very young embryos were seen, 
and in a few cases where the endosperm was forming while the egg-cell still 
remained dormant, there was no apparent sign of fertilisation having taken 
place, such as degenerate synergids, pollen tubes and triple fusion, the sacs 
certainly having the appearance of continuing without fertilisation, although 
everything else was carried on apparently as normally as if fertilisation had 
actually taken place. 
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Table II.—Irregular Polyploid Species. 

List of Irregular Polyploid Species of the Genus Sosa in which Embryo-sac 
Formation has been examined by the author, with the names of the 
varieties in each species and the number of male and female gametic 
chromosomes and the somatic chromosomes found in each. The 
species are arranged in their cytogeneticsl groups and septet species, each 
letter in the specific formulso representing a septet of chromosomes and 
characters corresponding with the gametic septets of the five Differential 
Diploid Species of Rosa from which the Irregular Polyploid Species have 
been derived {vide Hurst, 192S). Provisional oldest names have been 
given to each Septet Species, but further rost'arch may lead to the 
discovery of still older legitimate names. 


Chruinoeom<‘R. 


Groupu. 


Gamatio. 


/ 


Male. 


GenuH Rom, 1^. I 

I 

Seotio Canine laiiMimo). | 

AA Sbptxt Geoup. I 

, Pent&ploid Species. 

.4ABDE ^ptet Speoiea— 

R, eantfio, L., 1703 om. 

var. luleiiana (XAm.) . 

„ var. aphaerica (Qren.) . 

.. var. nemopAiZa ot Oxan.) 

,. „ var. 4«me<arum (ThniU.) I 

,, „ var. amUgapensia (Bast.) 

AACDK Septet Speoios— 

R. moUissimOf Wllld., 1787 non Frioe {R, iomentoaa, 
Sm.) 

var. semitoZis (Bouy) 

,, „ var, tiaromiffM (Cr^p.) 

. var. iiwidioeo (l^uy) 

., var. alsaiica (Kouy) 

M .. var. ZaanptiuMa (Bony) .. 


7 

7 

7 

7 

7 


7 

7 

7 

7 

7 


Female. 


I 

1 


28 

28 

28 

28 

28 


28 

28 

28 

28 

28 


So matin. 


30 

36 

30 

80 

30 


30 

30 

30 

35 

30 


Undetermined Septet Spodea— 

R, dyZoM, Dear., 1809.* 

1 . M var. Duvavxiamaf Ser. in D.O. 

M var. agalyla (Baat.) 


7 28 30 

7 28 30 


* The eeptet formula ol thia peonliar apeolea haa not yet been determlucd. It prodnoea an 
abondanoe ol hipa whidh uaual^contain only a few good aeeda (1-3) and ia oonAied for tiie 
moat part to the Lowlands of Weatem Europe. Tlte^Uao placed the apeolea In the aeotiaD 
Rynatfia (whose Bi»ealea are all AA dipldda), Cbriat placealt In the section Vanina (which Included 
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Table II—(contiaued). 


ChromoaoiDCB. 


Groups. 


Gometio. 


Afftle. Femiale. 


SomatJo. 


AA SEnn Oeouf—( ctmid.)— 

Pentaploid Speoies-^oontd.)— 

AABCD Septet 8pecieii— 

It, aifreMis, Savli 1798 

»• var. Bemardii (Rouy) 

,, „ Tar. (Thuill.) . 

X It. bigf^neris. Duff, ex Rouy (^lanUriu ^ x mic- 

raniha ^) . . . . 


AABGE Septet Species— 

R, micrafUhOt Hm. 1800 I 

„ Tar. /ypiea (Christ) . 7 2H i 3/) 

„ „ var. mtcn^corpa (R. Kell.) 7 28.3^ 

„ „ var. ^iperta (Puget) 7 28 | 35 

BB Seftr Gbouf. 

Peutaplold Species. 

ABBCD Septet Species— 

JZ. eglani^ia, L., 1788 {It, rubigino^a, L. 1771) 

I, ,, Tar. T^undif^ia (Rau) 7 28 35 

„ ,p Tar. kfUropoda (Rony) 7 28 35 

„ ,, Tar. aprieorum (Hip.) 7 28 35 

,, Tar. oomoM (Hip.) . 7 28 35 

ABBCE Septet Species— 

It.eUipiiea,T»MMfh„ 1819 (/Z. graveolens^ Qren. et 
Godr.) , 

„ „ var. tgpica (Houy) I 7 | 28 ; 35 

' I 

Hexaploid Spocies. { 

ABBCDK Septet Species— 

M. imxlora. Fries, 1814 (non Borr. nee. auot. Britt.) I 

„ „ Tar. igpiea 7 35 , 42 

i 

tx: Septet Gboup, ! ' 

Tstraploid Species— 1 , 

GCDB Septet Species— I ' 

It, pofMfmi, Herrm., 1762 {R. viUoaa, L. p.p.)* i ] 

„ „ var. Grsfuerti (D6s6gi.) 7 | 21 ’ 28 

„ „ var. fMondtla (Puget) 7 i 21 28 

„ „ var. mvnzfia (Rouy) , j 7 | 21 28 

„ „ var. arrcmcMis (^uy) .. , 7 | 21 28 

„ „ var. meridionalis (Kouy) 7 21 ' 28 

„ vra. Merano (Kouy). | 7 I 21 ‘ 28 

„ „ var. ro^Mioca (Rouy) 7 ' ,21 ! 28 

all the other pentaploid species), while created a new section for it called RtyUwv and 

suggested that it might be a hybrid between R, arvenns, Huds., of the SynMytes and R, eanina, L., 
of the Caninat. Its taxonomic septet formula is approximatelv 4A + 1C + ID + IE# while 
oy^ogioally it behaves as if it were 2A 4 1C f- ID -f IE, havuig usually 7 Uvalent and 21 
univalent chromosomes in both p.m.o. and e.m.c. with 7 chromosomes in Its male and 28 in Its 
female gametes. That the falTalents are AA is evident from exporimental genetical testa which 
show them to be pure-and probably homotygous A A. Tlie genetioal tests of the remsining 
3 ee^ts, involving at least 4 indopondent bybridlsationB. are not yet oom^tod. 

* Formeriy the t^ smooth, cany and almost prioJdeless forms of R. pomifera, often found In 
boianio sard^ and in the lover regions of the Bwiia Alps, were plaoM in the septet species 
ODKB (Hurst, 1928), but recent genetioal experiments at Cambrigge have demonatratea that 
thtse e<^ogical fonoa more properly belong to the septet species OCDR and are not iipeoliloaliy 
dh^ct from the dwaifer and more prickly forms of the High Alps. 


os o[ A. p^mnjerut oiiim louint ixi 
rere plaoM in the septet species 
p Mdge have demonatratea that 
es OCDR and are not iipeoliloaliy 
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OroupB. 


OC Skptwt Ghouf—( oontd.)— 

Pentuloid Bpeoim. 

ACCDE Spedea— 

urienats, La^. et Pug. ox Cr^p. 1869 
M t* yar. pit6eMefM (R. Kell.) 

DD Skptbt OBot7r. 

Tetraploid RpeciM. 

CDDE Septet SpeoJefl— 

H, tnoUis, Smith, 1812 (A. molUssinat Friea, non 

Willd.)* 

It I. I, yar. typiea W-T>od 

ADDE Septet HpeaioH— 

glavr^ PoDrret(Don Vill.). (M. rubrifoiia, Vill.) 

M II var. paeu^^glauca (^uy) 

,. ., yar. disperaa (Roiiy) 

Pentaploid Speoiee. 

ABD0E Septet Spooiea— 

R. glauMpkyUa, Wiuoh, 1816 (A. glauca, Vill.) 

,1 „ yar. jfttfaflwca (Rouy) 

I, I. var. pkUyafpala (R^y) 

„ yar./olo^ (Houy) 

,, „ var. brevipfs (Rony) 

ACDDE Septet Speeiee— 

R. cattsia. Smith, 1811. {R. coriifoiia^ Frieu) 

I, „ var. venoaa (Swartz) 

ABCDD Septet Rpeoies— 

R. paeudo-molUs, Ley, 1907. (B. iomentoaa paeudo- 
moUia, E. O. Baker) 

,1 .. var. Ijfpica 

EE SiPTKT Oboup. 

Pentaploid Species. 

ACDEE Septet Speoiee— 

R, Froebelii, ChinHt ez Gray., 1002 (-R. faxa. Hort. 

non Ketz. neo Lindl.) 

„ „ var. Utxa 


Chromosomes. 

Oametre. 

Male. 1 Female. 

Homaiic. 

7 

28 

35 

7 

21 

28 

7 

21 

28 

7 

21 

28 

7 

28 

35 

7 

28 

35 

7 

28 

35 

7 

1 

28 

85 

1 

7 

28 

35 

7 

28 

35 

7 

28 

35 


* This northom and wontem speciefi is not usually found in Britain south and oast of Derby, 
and since rmJy one colony baa bem found in the Cambridge district (Lime Pit Hill nr. Fulbonm) 
It is possible that seeds from the north haye been transported by Tnigratory birds. Incidentally 
this introduction of B. moUis, Sm.. to Cambridgeshire has given rise to a new natural hybrid 
with the native R. egianieria, L. 1753. with which it grows {R. eglaniena V X moUia ^} and well 
combines the obaraoters of these two spj^les. R. eghnteria, L. 1753, has the septet formula 
ABBCD, producing female gametes ABGD, while R. moUia, 6m.. has the septet formula CDDE, 
producing male gametes D, the hybrid is therefore ABCDD with its female gametes Identloal 
with those of its mother parent R. eglanieria and its male gametes identical with those of 
Its father parent R, mcRia. In Its charaoters and septet formula this natural hybrid U 
Identical ^th ^e septet spedos Jf. paeudo-moUia, Tjey, and provides a further illustration of the 
origin of a speoies by hybridisation. In this case in a new district (of. X B. higsaeris, under 
B. agrastist Savi). Duruig the last eight years this natural hybrid baa established itself ss a 
species by apomiotioal seeds without variation. 
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Summary. 

1. Smbiyo-Bao formation has been investigated in 19A varieties of 104 
T.innftftTi q>ecie8 in 3 genera of the Tribe Rosen. 

2. A description is given of the varions stages and prooeases of embtyo-sao 
formation in the diploid and regular polyploid species of the Tribe. 

3. The first and second meiotic divisions in these speoies ore carried thiongh 
in a regular and normal manner. The first division is the reduction division 
in which an equal number of chromosomes is segregated to each pole. 
The second division is equational, which leads to the formation of tegular 
quartets arranged in an axial row. The mioropjiar cell of the quartet usually 
develops in to the normal 8-celled ombiyo-sac. Triple fusion takes place 
and after fertilisation normal endosperm is formed which, with the development 
of the embryo, is gradually reduced to a single layer. Minor variations occur 
from species to species and in some varieties, but the general mode of female 
meiosis and gametogenesis is normal smd uniform throughout the diploid 
and regular polyploid species of the Tribe. 

4. Throughout the Tribe several embryo-sacs ore produced in each ovule, 
one of which ultimately survives in the regular species. 

0, No evidence of the occurrence of apomixis was found in the diploid or 
regular polyploid speoies of Rosa. 

6. A description is given of embryo-sac formation in the irregular polyploid 
speoies of the genus Rora which is entirely different in mechanism and process 
from that of the dijdoid and regular polyploid speoies. 

7. The reduction divisions of the embryo-sac mother cells ore regular but 
unequal, giving rise to a mechanism of gametogenesis so far unparalleled in 
plants or animals. 

This mechanism of female gametogenesis differs from that of the male gameto- 
genesis m the same species as widely as both differ from the normal formation 
in the regular species. 

In the first meiotic division, the 7 bivalent chromosomes alone reduce 
while the whole of the univalent chromosomes colleot at the mioropylat pole 
without q>litting, thus giving rise to on unequal reduction division of ohtomo' 
somes of 21 and 7 in the tetraploid species, 28 and 7 in the pentaploids and 85 
and 7 in the hexaploid speoies. 

The second meiotic division is equational and regular, resulting in tire forma¬ 
tion of unequal quartets placed in an axial row of two large micropylsr and 
two .small chalazsl cells. The upper mioropylai cell develops into an 
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8-oelled embiTD-sao, the egg-ooUa of which contain three, font or five times as 
many ohromoaomes as the male gamete. 

8. The female heritage of these irregular polyploid q)ecie8 is consequently 
that of a regular polyploid species higher than itself, ».e., an irregular tetraploid 
produces the female gametes of a regular hcxaploid species, a pentaploid those 
of an octoploid and a hexsploid those of a dccaploid species, while the male 
heritage of all these irregular polyploid species is that of a simple diploid, 
species. 

9. Experimental geneticsl evidence shows that these irregular polyploid 
species have an alternative method of reproduction by apomicticsl seeds. 
When “ sclfed ” or agamised there is no varietal segregation, the progeny 
being completely identical with the mother parent. Self-fertility has not been 
demonstrated, but the species are faculatively sexual and hybridise freely when 
experimentally cross-fertilised with other varieties or other species. 

10. C 3 rtologioal evidence of this apomixu is scanty, although occasional 
divisions are found in the embryo-sac mother cells in which the reduction divi¬ 
sion is suppressed and these cells contain the full somatic number of chromo¬ 
somes. So far, however, the few good counts available in embryo-sacs show 
only the reduced number of chromosomes. 

11. The constant presence of two or more mature embryo-sacs in each 
ovule, peculiar to these species, may be significant, since one may be sexual 
and the other apomictical, the latter functioning in the absence of fertilisation. 

12. Notwithstanding the large amount of material examined, no traces 
of the formation of embryo-sacs from nucellar or integumental tissue have 
been found in Rosa. 
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DESCRIPTION OF PLATES. 

fmbryo-Mc and Mmbryo Fonnation in Dipioid and Regular Polyploid Speck* of Soeem. 

Flats 10. 

Flu. 1.—Dlskiiuaia in the Hexsplold ipeoies Boea Moyesii Uenifll. et Wile. (21 pain of 
chromoaomea). 

Fig. 2.—Telophaae of fint melotio diviaion in the Diploid R. gymnooarpa Xutt, (7 pain 
of ohTomoaomea reduced). 

Flo. S.-^Preparatlon for the aeoond melotio diTiaion in the Tetraploid R. aUaica, Willd. 
(14 pain of ohromoaomea reduced). 

Fio. 4.—Second meiotic diviaiun In the Ootoploid spocioa if. ocicHlaris Luidl. (p.p. cum 
icon.) with 28 ohromoaomea (the reduced number) In each cell. 

Plats 11. 

Fio. 0.—Quartet in the Hexaploid speoiea R. mUkana Pteal in which the ohalazal coll ih 
enlarging to form the embryo-aac (rare in ifoaa). 

Fig. 0.—Fint diviflion of the inicropylar megaapore to form the einbryo<Bac in the Diploid 
R. eabulica, Boiaa. The normal proceas in Amo. (Telophaae with 7 chromnaomes 
at each polo.) 

Flu. 7.—Two-nnoleate embryo-aac in the Tetnploid apeoiea R, cenlifolia, L. 

Fia. 8.—Second diviabn in the embiyo-sao of the Diploid R» wantkina, Lindl. (7 chromo- 
Bomea). 

Flu. 9.—Second diviaion (chalaaal nudeua) in the ombryo-aao of the Tetraploid apecica 
R, pendulina, L. 

Fio. 10.—Second dirleion of the embiyo-aac (7 chromoeomea) in PUUyrkodon fnicropkylla^ 
Decn.; on the right the same chromoaomea more highly magnified. 

Fio. 11.—Four-nucleate cmbiyo-aac in the Diploid Roea pkocarpa^ A. Gray, ahowing uanal 
appearance. 

Plats 12. 

Flu. 12.—Second typo of 4-nucleate embryo-sao. found occoaionally. In which the nuclei lie 
in a row near to one another. In the Diploid B. Unyonk, Hemal. 

Fiu. 13.—Third and laat diviaion in the embryo-aac of the Tetraploid R, damaseena, 
Blackw., leading to the formation of 4 antipodal nuedei, each with 14 chromoaomea 
(two cuts). 

Fig, 14. —Cytoplaam furrowing round three antipodal nuclei to form three cella, in the 
Diploid apecies Jf. mgoaa, Thunb. 

Fio. 10.—Antipodal cells formed in a leaa usual manner, one above the other, in the 
Diploid R, Hvgonk, Hemal. 

Fro. 18.—Eight-nucleate embryo-aac in the Diploid apeoiea J7. ruyoea^ Thunb., polar nuclei 
approaching one another, egg-cell and two ajmergids above, three antipodal cella 
below. 

Fio. 17.—Later stage in an S-nucleate ombiyo-aac. the two polar nuclei lying praaed 
together, in the Diploid apeoiea B, rvyoaa, Thunb. 

Flo. 18.—Pollen tube, with its male nuclei, penetrating the mioropyle in the Diploid 
R,nkidn, Willd. 








Hurst. 
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Platb 18. 

Fiu. 10.—^Fertilised ogg-coU in prophiue for its lint division, in the Tetrapioid speoieB 
R, ptndulinat L., one synergid degenerating and the remains of the pollen tube above, 
a lining of free endosperm nuclei already formed. 

Flo. 20.—Second division in the young embryo in the einbiyo-sao on the left, with lining 
of endosperm. On the right, a second embiyo-sat; degeiu^rating, the two polar nuclei 
already degenerate, in the Tetrapioid species R. pendulina^ L. 

Fig. 21.—^Young multicellular embryo in the Diploid R, pa/iMtrM, Marsh, the endosperm 
oummencing cell formation. 

Fig. 22.—Later stage in which the endosperm is forming colls in the upper and central 
parts of the embryo-sac, in the Tetrapioid A. Kiiiitchyana^ Uort. Giav. (non Boiss.), 
an undescribed Linnoan spe<*ie8 of the Septet H|KH.'ieH BBDD. 

Fig. 28.—Endosperm cells of the preooding more highly magnified. 

Fig. 24.—Older embryo in the Hexaploid species R. Sayi^ Schwein. 

Fiu. 25.—^Divisions in the Eiinoaploid endosperm of the Hexaploid species R. Sayu 
Schwein., showing 03 chromosomes as the result of the triple fusion of the first polar 
nucleus (21), the second polar nucleus (21), and the male nucleus (21). 

Embryo^MC Formation in the Irregular Polyploid Speciea of Roaa, L. 

Platr 14. 

Fro. 26.— B'^gular but unequal reduction in an embryo-sac mother cell of the irregular 
Tetrapioid species R. glauca, Pourret, var. disperm (Rouy) (R, rabrifolia^ Vill., var. 
dispersa, Rouy); first division metaphase with 7 bivalent chromosomes on the 
equatorial plate and 14 univalents passing undivided to the micropylar {lole. 

FtG. 27.—^Later stage in the irregular Tetrapioid species R. pomifera^ Herrm., var. 
arvemennia (Rouy) (if. viUom L. var. arvemenaia Rouy): interldnesis with 7 
chromusomes in the ohalaabl nucleus and VI chromosomes in the micropylar 
nucleua. 

Fig. 28.—First division motaphase in the cmbryu-sac mother cell of the F^ntaploid species 
R. gtaucophylla. Winch, var. platynepala (Rouy) (A. glanca, Vill., var. piatyaepala 
Rouy), with 7 bivalent ohromewomes reducing on the equatorial plate and 21 univalents 
going to the mitTopylar pule. 

Pig. 29.—Later stage in the Fontajdoid species R. vrienMa, Lag. ct Pug., var. pubescent, 
R. Kell., in which the 7 bivalent chromosomes have reduced and one set of seven 
has gone to the chalazal pole, while the other set of seven has joined the 21 iinivalontH 
at the micropylar pole, making an unequal reduction of chn>mosomes of 28 at the 
micropylar pole and 7 at the chalaxal pole. 

Pig. 80.—Second division metaphase in the Pentaploid R. atyloaa, Desv., var. Deavanxiana, 
Her. in D.C., with 7 ohiximosomes in the chalazal cell and 28 in the micropylar cell. 

Fig. 31. —Equaiional and non-reduotional division in an embryo-sac mother cell of the 
Pentaploid specie* R, Froebeliit Christ, var. laxa (Hurt.), which might give rise to an 
apomictical cmbryo-sao (85 chromosomes). 

Pr.ATK 16. 

Fiu. 32.—Two megaspore quartets in the irregular Tetrapioid species A. moUia, Sm., 
var. typiea, W. Dod« showing the smaller chalasaJ cells and nuclei and the larger 
micropylar ocBa and nuclei, the uppermost enlarging to form embryo-aaos, pushing 
away the lower ones which are beginning to degenerate. 
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Fio. 38.—^Megupon quAitet in the irregalar Tetiaploid speoies R, pom^ferUf Hemn.r 
Tar, votgetiaea (Rouy) (i?. vittosOf var. mgesiaea, Rony), in which the lower mioro* 
pylar cell ii eolargiug appuentlj to fonn an embryo-aao. Note diatinotion in aiie 
between the two upper and lower oella and nuclei. 

Fia. 84.—^Ungaapoie quartet in the Bsntafdoid speoka glawopkylla. Winch, var. 
bnvipes (Rouy) {R. glauca, var. brevipes, Rouy), showing metaphaae plates in both 
at tbo upper and larger micropylar oells, each with 28 chromoeomes, the reduced 
number. 

Fta. 85.—Similar case in the Pentaploid speoiee R. moHissima, Willd., var. *emitalis (Rouy) 
(1?. tomentosaf var. scmiialis, Rouy), in which the upper miorop^ar cell is alrc^ady 
2-nucleate, while the lower one has a metaphaae plate with 28 chromosomes, the 
reduced number. 

Fin. 36.—^Megaspore quartet in another variety of the F^taploid species R, moHiasimOf 
Willd., var. inHdiosa (Rouy) (R. tomentosa, var. itMidtosa, Rouy), in which the upper 
and lower micropylar colls and the upper chalazal cell have carried through one 
division. 

Fio. 37.—Metaphase plate of second embryo-sao division in the Pentaploid species 
R. nuUisntna, Willd., var. iuaidioaa (Rouy), with 28 chromosomes. 

Fio. 38.>*-Embiyo-sAcs in the F^taploid F. agnstiSf Savi, var. aepium (ThuiU.) (R. aeptiim, 
Thuill.): two fully grown 8-nucLeatc embryo-sacs are present, both showing adhesion 
of polar nuclei; there are also present one small 8-nucleate and several 4-nucleat'C and 
2-nucleate embryo-sacs. 

Fia. 39.—^Embryo in the Pentaploid apeoies R. cantna, L., var. Titmoj^Ua (Desegl. et 
Osan.) (H. ntmopkila, Besegl. ct Oran.), with the normal lining of endosperm. 
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576 .354'5 * 5^8.86 Oenothera 

Meiosis in Oenothera purpurata anri Qe. blandina. 

By Profeaaor R. Ruoglks Gates, P.R.S., and K. M. GkwDwiN, B.8o. 

(Received May 27. 1931.) 

[Platbs 16 - 18 .] 

This paper is a study of the essential stages of pollen lueiosis in two Oenotheras 
whioh show seven pairs of ohromosomes in diakinosis and the heterotypic 
metaphase. Its intention is to throw further light on the origin of the pairs 
and their relation to the method of synapsis. Although these forms agree in 
having seven pairs of chromosomes and no linkage ring, yet they show certain 
characteristic oytological differences, which will ap[)ear in the description. 
The problem of the origin of chromosome linkage or catenation (Oates, 1931), 
BO characteristic of Oenothera, is also involved. 

Material and McliuriLs, 

Oe. purpurata was described by Klobahn (1925) from cultures derived from 
naturalised colonies of Oenothera on the Lunenburger Heide in North-western 
Germany. It is very much like Oe. Hookeri, but has small flowers. In crosses 
with Oe. Hookeri the smaller flowers of Oe. p^irpurata are stated by Rudloff 
(1929. a) to represent a monohybrid difierence, the small flowers being domi¬ 
nant. By crossing it with various other forms, Rudloff found it to be homo¬ 
zygous. which he confirmed by showing that it had good pollen and seven free 
chromosome pairs in diakinesis. 

Our seeds were obtained from Professor Klebahu in 1928. and grown in the 
Royal Botanic Gardens, Regent’s Park. Owing to their habit of flowering 
veiry late, they failed entirely to progress beyond the rosette stage. Twenty- 
three plants were left in the ground over winter and when they formed shoots 
in the following June these were all strongly fasciated. The plants were devoid 
of red pigment until shortly before the flowering period. A red flush then 
developed at the base of the stem and passed upwards, pigment appearing 
meantime in the flower-buds. The fasciation was probably a result of the long 
period during whioh the rosettes had been carrying on photosynthesis and 
aooumulating storage products. The later intemodes. bearing flowers, and 
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nil the side branohos as well were terete. The pollen was praotioally 100 per 
cent. good. 

Oe. lianiina was originally described under the name Oe, Lamarokiana mut. 
vdutiM (de Vries, 1917). It is like the vdulxna types found in twin hybrids, 
but with their characters more strongly expressed, and, unlike the vduliiM 
twin hybrids, it has no bad seeds. In a later paper, de Vries (1923) ooncluded 
that hlandina had been derived from a half-mutant, prcblaniiixat whioh differs 
from it only in having about 26 per cent, of bad seeds, and which regularly 
produces about one-quarter hlanduia. The first specimens of blandina were 
recognised in 1904 in three plants derived in the third generation from Oe, 
Lamarckiana lata X eemilata, Oe, problandina is regarded as derived from 
a velutina gamete of Lamarckiana chiefly by loss of its lethal factor, and it 
produces 26 per cent, of Handim, The latter is very uniform, except that in 
de Vries’ cultures it has given rise to 0* 1 per cent, of a mutant called spiraUs, 
From seeds of de Vries, 33 plants of blandina were grown to maturity in 1930. 
The leaves are narrow and trough-sliaped, like those of velutina hybrids, the 
stems are very hairy and the pigmentation redder than that of rubrinervis^ 
the stems being very brittle. Examination of the pollen showed about 
7 per cent. bad. 

Young buds were fixed in Allen's Bouin at 38*^ C. after dippmg in Oamoy. 
In the case of Oe, hlandina^ Allen's Bouin without chromic acid was also used, 
in order to alleviate the possible effects of chromic acid during the hour or 
more before the fixative could be changed. The sections were stained chiefly 
in Heidenhain's hasmatoxylin. In the cose of Oe, purpurata various experi¬ 
ments were also mode with smear preparations of the pollen mother cells. 
It is already known that Belling’s method of smear preparations is not satis¬ 
factory for Oenothera. This is because of the thick cell walls, the presence of 
dark-staining substances in the cytoplasm, and of sticky contents in the 
anther. From this sticky fluid is afterwards developed the system of adhesive 
threads between the pollen grains which is so characteristic of Oenothera 
pollen. It was found that if the thick walls of the pollen mother cells are 
ruptured slightly, by squeezing out the contents of the anther with a scalpel, 
the dark-staining material can be washed out, leaving the cytoplasm clear and 
alveolar in appearance. Capinpin's (1930) method of squeezing the anthers 
between two slides was also used. The clarity of the smears was much improved 
by the use of picric acid as a clearing agent. Very good results were obtained 
by this method, as shown in figs. 11 to 17 and 20 and 21 (Plates 16 and 17), 
but the method is difficult to carry out and something is left to chance in 
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rupturing the ceU walls sufficiently to allow the staining substance in the 
cytoplasm to be removed, but not so much that the contents of the cell are 
lost. 

ObsenxUiom, 

One or two longitudinal rows of polygonal pollen mother cells are present 
in Oe. jnirpurcUaf while a single row is commoner in Oe. blandina. In the 
resting stage of the nucleus it appears to be filled with a fine reticulum faintly 
stained, in the meshes of which are more densely staining bodies (figs. 1 to 4, 
Plate 16), As Miss liolivcld (1931) has recently described 14 such bodies in 
Oenothera, which fuse in pairs to form seven before synizesis, this matter was 
again examined with particular care. Thew^ masses occur chiefly near the 
periphery of the nuclear cavity, but they show no constancy either in number 
or size. Fig. 1, from blandina and fig. 2, from purpunUa^ are typical nuclei 
at this stage. Here the nunilier of bodies shouUi be 14. By way of comparison 
wo include (fig. 3) a nucleus at the same stage from the haploid Oe. nibricalyx 
(see Gatos end Goodwin, 1930). The number of bodies should bo seven if they 
represent prochromosomes or chromocontres, but it is actually just as high as 
in the diploid nuclei. Fig. 4 is from another pollen mother ceU nucleus of 
the same plant, showing a considerably lower number of these bodies. As they 
diminish in size tlirough a graded aeries down to tiny granules which are often 
paler staining, it is usuaUy impossible to determine a fixed numljcr of such 
bodies in any particular nucleus. We therefore find no evidence that the 
number or size of these hollies is significant nor that they pair at any time. 

Fig. 6 (Plate 16) is from a slightly later stage in the prophaae of blandina, 
in which the reticulum threads have become coarser, the larger mosses have 
disappeared and they appear to be scattereil along thu threads mostly in a 
beaded arrangement. During this period tliore is a gimoral mossing of the 
chromatin towards tlie periphery of the nncloua. .\s will be seen from these 
figures, the nucleolus is large and more or less centrally placed, usuaUy vacuo¬ 
lated and often containing crystalloidal inclusions. Additional smaller 
nucleoli ore occasionally present. 

At a later stage the nucleolus takes up the well-known crescent shape and is 
attached to the nuclear membrane. The chromatin thread is much thicker 
and appears to be in direct connection with the nucleolus, as already described 
(Sheffield, 1927). These stages are undoubtedly extremely difficult to analyse 
in nuclei which are so small and in which the threads are so fine. The tolo- 
aynaptio account of these stages has hitherto been partly an interpretation 
based upon the evidence derived from later stages. In a smear preparation 
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obtained last summer, which has unfortunately since been lost, we obtained 
the first indications of paxasynaptio pairing. The evidence has been con¬ 
siderably strengthened by the results presented in the present paper and the 
following one by Gatchesido. Such evidence is very difficult to get, but its 
cumulative effect has been to lead us to adopt tentatively the parasynaptic 
hypothesis for Oenothera, thus bringing it into line with other forms. While 
there are still difficulties which can only be solved by further investigations, 
yet we at any rate have a number of definite observations which Tnalre it 
difficult to adhere to the telosynaptio theory. 

These evidences of paras>’naptic pairing have only been obtained under 
peculiarly favourable conditions. Generally our preparations fixed in Allen’s 
Bouin have been in agreement with the full description for several species of 
Oenothera given by Sheffield (1927), but in the exceptional cases the additional 
evidence appears to require a change in the whole interpretation. Thus in 
one of the anthers of Oe, purpurata fixed in absolute acetic (fig. 6, Plate 16) 
the tapetal cells, althougli biuucleate, as is normally the c^ase at this time, 
differed from the normal in that the cells were not glandular in appearance but 
wei'e relatively empty of cytoplasm. The cytoplasm of the pollen mother 
colls was also less granular than usual. As a result of this condition, the 
penetration of the fixing fluid to the pollen mother cell nuclei was undoubtedly 
more rapid, thus producing more perfect fixation of the threads. A portion 
of one of those nuclei is shown on a larger scale in fig. 7 (Plate 16). This 
represents the sygotene stage. In this preparation, all stages from early 
propliase to heterotypic metapbase could be observed. In some nuclei, as 
shown in fig. 7, the threads appeared to be in the process of pairing, certain 
threads being partly paired and partly divaricating, others paired along the 
traceable part of their length and still others in the same nucleus consisting 
of a single row of ohromomeros. The single threads are, of course, conspicuously 
thinner than the double ones. 

Another feature of this preparation is that the threads are loosely spread 
throughout the nuclear cavity and not drawn together into the condition known 
as synizesis. This confirms the view that synizesis is a condition of collapse 
and clumpmg of the delicate nuclear threads when the penetration is not 
sufficiently rapid and the fixation therefore imperfect. 

At a later stage in the same preparation the threads have become shorter 
and much thicker; exhibiting irregular margins which are alternately light and 
dark, while the centre stains more lightly and looks slightly alveolar. It ban 
hitherto been assumed that the threads at the stages represented by figs. 7 
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and 8 (Flatea 16 and 17) were arranged end-to-end to form a oontinuoua spireme. 
This is a point which is extremely difficult to detemnine by direct observation^ 
because of the way in which the loops are aggregated. But from a critical 
study of stages a little later, in which ring pairs of chromosomes are linked 
into each other, it is necessary to conclude that the spirome is not really con¬ 
tinuous at any stage, but that where ebromosomo pairs are free in diakinesis 
they axe formed from the pairing and condensation of threads which were 
from the beginning separate from threads belonging to other pairs. This 
will be discussed later. 

As the thickening threads continue to shorten they become more uniform in 
staining capacity and look flatter, more strap-like, but exhibit the dark outer 
edges and pale uniform centre. Following this stage the heavy thread becomes 
apparently looped (fig. 8), the number of loops ” correspondiug with the 
haploid number of chromosomes. It is very difficult to determine with 
certainty from the stage represented by fig. 6 whether this is a continuous 
j>aohynoma thrown into seven loops or whether it consists of seven circles (each 
representing a pair of chromosomes) interlocked with each other. From a 
critical study of various preparations at about this time, it is necessary to 
conclude that the latter interpretation is correct. 

Incidentally, this cell and the adjacent ones in the row showed the probably 
abnonnal condition of cytomyxis, a portion of the chromatin being extruded 
tlirough an opening in the cell wallinto the next mother cell, where it forms a 
small rounded globule. In such cases the extrusion from several consecutive 
cells in the row takes place in the same direction, towards the top of the anther. 
Although the threads in fig. 8 arc quite regularly arranged they are not of 
uniform width. Portions of two loops or rings (I and II) are very thick and 
show oouBtrictions, but the thread shows signs of doubleness practically 
throughout and in some loops (III and VI) the arms are composed of two 
threads clearly twisted around each otlier. 

The thickened double threads of fig. 8 appear to flatten as they shorten and 
widen still further to form the chromosomes. This stage is represented by 
figs. 9 and 10 (Plate 17), in which there are fine and sometimes long con¬ 
nections between flattened obromosomes with pointed ends, which still show 
indications of their double origin in that their margins are darker and the 
centre lighter, as though they were formed by the lateral fusion of two threads. 
There is never, however, any appearance of the threads being twisted about 
caoh other at this stage. The connections all appear single, but they are so 
fine so near the limits of resolution that a visible doubleness should perhaps 
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not be expected. Figs. 6 to 10 and 19 (Flates 16 and 17) are all from the same 
flower bud, which showed the peculiar tapetum. Other buds from the same 
jdant, as well as all the material collected from other plants in this culture, 
showed the usual condition of seven chromosome pairs in diakinesis and 
heterotypic metaphase. But the bud in question differed also in showing 
chromosome linkage. In fig. 9 the condition could bo most fully analysed. 
The nucleus shows clearly a ring of five and two independent chains of three 
chromosomes. In addition there is one pair and one single chromosome. 
This is tlie first time an odd number of linked chromosomes has been foimd in 
a plant with 14 chromosomes. Another pecoliarity of this nucleus is that the 
middle chromosome {abc) in the upper chain of the throe is oonneoted at one 
end by fine threads to both the other chromosomes. How such a condition 
has arisen or what exactly is its meaning is wot clear, but the result is that 
chromosomes 6 and o both show clearly two connections at one end. Chromo^ 
somes 1,3, a and c, show definite evidence that they are composed of two parallel 
halves. Fig. 10 shows similarly a chain of five or pc^rhaps six chromosomes, 
but the nucleus was cut. Other nuclei (cut) were found with chains of three 
chromosomes, but never in this slide the normal condition of seven pairs. 
Fig. 19, from the same slide, is a heterotypic metaphase with a ohain of five 
and two chains of three, showing that it must have been derived from a 
diakinesis stage like that in fig. 9. The chromosome arrangement 5 + 3 + 3 
is therefore probably characteristic of this bud. The number of chromosomes 
linked end-to-end in this bud appears to bo variable, but that chains of seven 
chromosomes occur is certain. Free pairs of chromosomes also occur, which 
are not ring but chain pairs. 

There is no possibility that the bud showing these peculiarities was derived 
by accident from some other Oenothera culture, for Oe. purpurata, being grown 
as a biennial, came into flower early in 1930, and when these buds were collected 
there wore no other Oenotheras which had reached the stage when oolleotions 
oould be made. 

The diakinesis stages in figs. 11 to 17 (Plates 16 and 17) are from smear 
preparations of purpurata anthers. In some of those the nuclear membrane 
was invisible (and the cell wall only is represented). Seven ring pairs are 
usually present, but there may be at least one rod pair, os in figs. 13 and 16, 
or certain ones may be clearly arranged side by side, as in figs. 16 and 16. 
Oocasionally a ring pair may be drawn out into a thin ring, as in fig. 11. This 
is probably done in making the smear. The pairs are frequently all free item 
eaOh other (none interlocked), as in fig. 17, but often one or more of the ring 
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pairs are linked into eaoh other. In no case have bH the ring pairs in purpurata 
been found interlocked. This condition is in contrast with that in biandina 
{vide infra). Four ring pairs is the highest number we have found interlocked 
in purpurata (fig. 14). 

In the heterotypic metaphase these chromosomes pairs are arranged on the 
spindle in various ways corresponding to tlic arrangements during diakinesis, 
except that in metaphase ring pairs are rarely found to be interlocked. This 
is apparently because when pairs are interlocked in diakinesis the rings usually 
open before metaphase, allowing the pairs to separate. A ring pair which has 
opened in this way probably always remains open and forms either an open 
ring or a rod pair. In fig. 18 (Plate 17) five of the motaphaso pairs are rings 
and two are rods. Fig. 19 represents the unusual condition in which thread 
connections which are presumably persistent from diakinesis remained between 
chromosomes of difftrent pairs. Figs. 20 and 21 (Plate 17) are from the same 
stage in smear preparations. The spindle fibres are invisible, and the chromo¬ 
some connections are seldom seen. 

A brief comparative description may now be given of conditions in biandina. 
Fig. 22 (Plate 17) represents a post-zygotene stnge whore some threads are 
much thicker than others, the chromatin representing one or more ring pairs 
being in a more advanced stage of development than the nmt of the spireme. 

Fig. 23 (Plate 17) represents the typical '' second contraction ” stage of the 
pachynema, which has hitherto been regarded as a oontinuous spireme thrown 
into loops and containing the 14 chromosomes arranged end-to-ond. except 
in cases where one or more free pairs were prcc<K!iously segmented ofi. In 
this figure, the number of “ loops *’ is probably seven. One of them, which is 
darker, represents a pair of more condensed chromosomes in top focus, and 
apparently free from the rest. It is believed that tlie remainder of the 
“ spireme ” represents six pairs of interlocked chromosomes in an uncoudensed 
condition, and not twelve chromosomos arranged tandem. 

Figs. 24 to 32 (Plate 18) show various arrangements of the chromosome 
pairs in diakinesiB. It has hitherto been supposed that the pairs were formed 
by segmentation of the pachynema represented in fig. 23, but critical examina¬ 
tion fails to reveal stages of segmentation between pachynema and diakinesis. 
On the other hand, comparison of such figures as 23 and 32 leads to the con¬ 
clusion that in the former the “ spireme ” is really composed of interlocked 
ring pairs, which gradually condense into the condition of more or loss inter¬ 
locked pairs in diakinesis. A point of this kind can only be determined with 
certainty in forms having seven free pairs, and in such forms it appears that 
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there ia no contiiiiiouB apireme at an 7 stage. This ia one of the meet oogent 
jHeoea of evidonoe leading to a change from the teloBToaptio to the para- 
synaptic point of view. 

It will also be seen from figs. 24 to 32 that the amount of interlocking of the 
zing pairs with each other vanes greatly. All the pairs may be free and 
independent, as in figs. 26, 28 and 29, or at the other extreme all may be inter* 
looked, as in fig. 24. What wore formerly regarded as pairs pteoooioualy out 
off from the spireme are now recognised as pairs which have been f^ throughout 
the prophase stages because the two members have paired with each other 
without becoming entangled with other pairs. Interlinkage of ring pairs is 
then to be regarded as a condition which arises when members of different 
pairs become linked with each other in the process of parallel pairing of chromo¬ 
somes in the long thin delicate thread stage of early heterotypic prophase. 

The arrangement of pairs in diakinesis in both blandina and fwpunUa has 
been studied statutically, and the results are presented in Table I. It will 
be seen that there are cliaracteristic differences between the two forms. In 
btattdiva 26 per cent, of the pollen mother cells in diakinesis have seven free 
rings, while purpurala has 57 ’4 per cent. The corresponding values at hetero¬ 
typic metaxihase are 53-6 per cent, and 88*3 per cent, respectively. This 
shows that some of the interlocked ring pairs must open out and become free 
from each other between diakinesis and metaphase. The rest of the table 
shows that practically all the interlocked arrangements are more frequent in 
UanditM than in pwrpurata, and this is true both of the diakinesis and metaphase 
stages. Thus, while both forms have seven ring pairs, these are more fre¬ 
quently interlocked in l^itdim and more generally free from each other in 
pwjmrata. 

Fig. 33 (Plate 18) represents the multipolar spindle stage in blandina. In 
this cell four ring pairs are interlocked, two are free and one a rod pair. 

In the heterotypic metaphase in blandina there is again considerable varia¬ 
tion, as shown by figs. 34 to 30 (Plate 18), but pairs are rarely found interlocked 
at that stage. In fig. 34 (Plate 18) all the pairs are rings except one which is a 
rod. Fig. 36 (Plate 18) is of specUd interest because all the pairs are tods, and 
one of them shows double connections, with a small granule upon eaoh which 
suggests an earlier chiasma. In fig. 36 (Plate 18) there is again a sin^ rod 
pair and some of the spindle fibre attachments ate clearly visible. 
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Discmsim. 

A number of points arise from the facta here presented, and some of them 
may be briefly diaoussed. 

(1) Li addition to the end-to-end arrangement of several chromosomes to 
form a chain or a closed ring, which has long been known in Oenothera and has 
reoently^heen called catenation (Oates, 1931), it is now necessary to recognise 
the frequent occurrence of a double chain of interlocked pairs—a construction 
precisely like that of an iron chain composed of links (see e.^., figs. 24, 26). 
This has been observed before, but never in such frequency as found here. 
As already suggested, this interlinkage evidently arises in connection with the 
process of lateral pairing of the chromosome threads. We may suppose the 
chromatin threads to be in a state of more or less active oscillatory movement 
throughout the stages of nutosis and meiosis, and that this, together with the 
pairing l)eginning at the ends of the chromosomes and proceeding towards their 
middle, will lead to some pairs being interlocked. 

The evidence indicates that in blandina one ring pair is frequently separate 
while the others still form an apparently continuous spireme, or, as we now 
consider, interlocked pairs. This shows that the process is not entirely a 
haphazard one. In Oe, ammophUa, which normally has a ring of twelve 
chromosomes and one free pair, this pair is also frequently independent at an 
equally early stage (Sheffield, 1927), while the remainder form a continuous 
spireme which will condense and segment into a ring of 12 chromosomes. In 
blandina, on the other liand, the other 12 chromosomes are ring pairs frequently 
interlinked. It is further to be noted that while interlinkage of ring pairs is 
a common occurrence, yet it is extremely rare for two ring pairs to be inter* 
linked with the same (third) ring pair. Davis (1909), in a paper on a form of 
Oe. grandijlora with seven ring pairs, also found them sometimes free and some¬ 
times interlinked. 

Returning to the question of ring pairs, which is the normal form of the 
chromosomes during diakineais both in blandina and purpnrala, according to 
the theory of tenninalisation of chiasmata (Darlington, 1929) these will only 
be formed when there is at least one chiasma on each side of the point of spindle 
fibre attachment of the chromosomes composing a pair. From all that is 
now known of the split in the chromosomes in ordinary mitosis, we may con* 
elude that these heterotypic prophase chromosomes are already split at the 
time of pairing. Since in both blandina and purpurata the normal condition 
is seven ring pairs in diakinesis, it is necessary to conclude that chiasmata to 
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the number of at least two in each pair of ohromoaomes are of general ooountenoe 
in Oenothera. They may, of course, be of much greater ftequenoy, bat the 
only direct evidence of this is in fig. 8, where the threads composing each loop 
appear to be closely twisted around each other. 

By reference to Table I it will be seen that among 191 nuclei of biandina in 
diakinesiB, a single rod pair of chromosomes occurs in each of eight nucleL 
As already mentioned, the metaphaso rod pairs arc probably for the most part 
rings which have opened out in separating from other rings. But when 
occurring in diakinesis, a rod pair presumably means that there was no 
chiasms between the point of spindle fibre attachment and one end of the para* 
synaptic thread pair. The failure to form a ohiasma will then have occurred 
once in each of eight nuclei among a total of 191. Hince each nucleus has 14 
chromosomes, and no nucleus has been found with more than one rod pair in 
diakinesis, the frequency of such failure of chiasmata would bo 

8 (191 X 14) X 100 

as 0-3 per cent., or three times in 1000 chromosomes. The indirect as well as 
the observational evidence thus indicates that the chromosomes are closely 
twisted about each other, so that there will nearly always be at least one 
ohiasma between the point of spindle fibre attachment and each end of the 
chromosome. 

Perhaps the most important theoretical result of the view that the ohtomo^ 
somes are closely twisted about each other in heterotypic prophase and that 
chiasmata are of frequent occurrence, is its effect on the theory of chromosome 
individuality during meiosis. It was, until recently, held generally that 
chromosome individuality was maintained during meiosis as during somatic 
divisions. But if at least two, and probably several, chiasmata are formed 
in almost every pair of ohromoaomes, and these are accompanied by crossing- 
over, then chromosome individuality may be said to have largely broken down 
at this stage. 

The difference between biandina and jmrpurata as regards the interlocking 
of the seven ring pairs has already been pointed out. Interlocking at diakinesis 
is nearly twice as frequent in Nandina as in purpurata, while the frequency 
of interlocked pairs is higher in tiandina at the heterotypic metaphase than in 
purpwata at diakinesis, notwithstanding that a number of interiocked rings 
have opened and separated between diakinesis and metaphase. The higher 
frequency of interlocking in biandina may be supposed to result from a greater 
mingling of the chromosomes during interkinesis, os a result of which the 
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members of the pairs are more widely or more often separated from each other 
than in putpwrata. It would then be expected that as pairing begins to take 
place in the early heterotypic prophase there will be a greater chance of two 
pairs becoming entangled with each other in the process of synapsis or pairing. 
There is still some difference of opinion as to the frequency or generality with 
which the chromosomes maintain a paired arrangement in the metaphase of 
somatic mitosis in plants. Probably the pairing is closer in some plants and 
looser in others, occurring in some plants with no greater frequency than would 
be expected according to the laws of chance. 

Such a range of conditions appears clearly to exist in different animals. 
If a simil ar difference in the strength of attraction between members of each 
pair occurs in the case of hlavdina and pufpuroto, then we might expect to find 
the chromosomes more noticeably paired in the metaphase plates of jmpuraUk 
than in hlanivna. Examination of somatic mitoses in these two forms, how¬ 
ever, fails to furnish any evidence that visible pairing is a more common 
ocouirence in purpuraia than in lianiina. Similarly, in a previous study 
(Gates and Sheffield, 1929) of catenation in Oe. (biennts X rvhrioohfx) x 
ammopkila and its reciprocal Oe, anmopkiJa X (Mcnnis X rvibnoalyz)^ the 
former showed seven pairs of chromosomes in meiosis while the latter had 
three pairs and a ring of eight. But no evidence was obtained of any corre¬ 
sponding amount of pairing of chromosomes in the somatic divisions of the 
two forms. 

If the somatic pairing of chromosomes is closer in some organisms than 
in others—and there seems no escape from this conclusion—^then we must 
assume that some selective mutual attraction, probably determined by the 
individual ohromomeres, leads to the paired condition in somatic prophases 
and metaphase, and that such an attraction is stronger in some organisms and 
tissues than in others. If that is the case, then there is no reason for relying 
solely upon chiasmata os the cause of homologous chromosomes remaining 
paired in the heterotypic prophases. 

Finally, with regard to paraaynapsis and telosynapsis, Oenothera has been 
almost universally regarded as telosynaptic for many years, and numerous 
authors, including all the most careful workers, have adhered in all essentials 
to the telosynaptic account originally published (Gates, 1908). Observations 
suggesting the possibility of paiasynapsis have only recency begun to appear. 
Ostcheside (1931) has recently brought evidence from a triploid Oenothera 
which is incompatible with a telosynaptic view, bat even in the present paper 
it is only under exceptionally favourable conditions that direct evidence in 
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favour of paiasynapBu has been obtained, both in the early zygotene stage 
and in the stage of second contraction ** just before diakinesis. Even here, 
conoluflive evidence could only be expected in forms like the present ones with 
seven chromosome pairs and no large rings. In Oenothera rufrrinervis, in 
which the telosynaptio account was first clearly given, there is now known to 
be constantly a ring of six chromosomes end-to-end, and it was natural that 
these should be regarded as six of the somatic chromosomes which entered 
upon meiosis. The paraaynaptic view makes it necessary to suppose that 
these really reprint chromosome threads which liave j>aired laterally only 
at their ends, so forming a ring of six chromosomes which may then be sup¬ 
posed to correspond as individuals with the six somatic chromosomes which 
entered upon meiosis, except that crossing-over has taken place in their 
relatively homozygous terminal portions. This matter is more fully discussed 
by Catoheside in the paper which follows. Kiliara (1927), from a study of 
synapsis in Rumex and Oenothera biennisy put forward the somewhat similar 
hypothesis that after parasyuaptic pairing the chromosomes open out in such 
a way as to form ring complexes of different types. 

If aU the plienomcna of ring formation in Oenothera s[)ooies and hybrids can 
be made to fall in with the conception of parasynapsis, then the hypothesis 
will undoubtedly be strengthened, but it is not necessary to discuss this aspect 
of the subject further here. Other recent papers, such as that of Fikry (1930) 
on Rumex, and that of Maeda (1930) on Jjathyrus, tend to strengthen the view 
that parasynapsis is of general occurrence in plants. The latter paper, together 
with that of Latter (1920) on Lathyrus, also lead to the conclusion that accord¬ 
ing to the method of fixation one may obtain an essentially telosynaptio or 
paraajmaptic story from preparations, the fusion of dclioate parallel threads 
in certain fixatives giving an appearance of telosynapsis. If that is the 
case in Jjathyrus, it may be used as an argument in favour of parasynapsis 
in Oenothera, where the threads in zygotene stage arc much more delicate 
and easily fused together to give a misleading appearance of telosynapsis, 
especially in the numerous forms with a largo ring of chromosomes which have, 
until now, been mainly studied. 

Summary, 

The critioal stages of meiosis have been investigated in Oenothera blandina 
and Oe. purpurata, both of which have seven free pairs of chromosomes in 
meiosis. There is a characteristic difference in the amount of interlocking 
of pairs during diakinesis in the two forms. In 26 per cent, of the pollen mother 
cells of blandina all the pairs were free from each other, while 57 per cent, of 
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the pollen mother oells of purpurata were in thk condition. This differenoe is 
mterpreted as due to the fact that in the early heterotypio prophaaes of blamdina 
the chromoaomes of a pair are generally lees near to each other and the threads 
are hence more liable to become entangled with those of another pair in the 
process of pairing. This difference would ultimately be due to a stronger 
attraction between homologous chromosomes at meioais in purpurata than in 
blandina. 

Similarly in heterotypic metaphase, 54 per cent, of mother cells in blandina 
showed no interlocking of pairs, while in purpurata 88 per cent, were free from 
interlocking. This and other evidence shows that in both forms some of the 
interlinked rings separate by the opening out of ring pairs between diakinesis 
and heterotypic metaphaae. 

Definite evidence of parasynapsis in Oenothera has been found. The best 
evidence concerning the zygotene stage is obtained from a bud of purpuraUi 
in which the tapetal colls were non-glandulsr, allowing rapid penetration. In 
the pollen mother oells of this bud a ring of five chromosomea as well as other 
catenations were present. Pairing of divaricated threads was seen in the 
zygotene stage, and some evidences of doublenesa in the stages following. In 
the second contraction ” stage of the pach 3 rncma the spireme is not con¬ 
tinuous as hitherto supposed, but seven loops representing the pairs of chromo¬ 
somes are more or less completely interlocked, thus giving the appearance of a 
continuous spireme, except when certain pairs are free from the beginning. 
Each loop condenses into a ring pair of chromosomes, which may remain inter¬ 
locked with other similar loops. Between diakinesis and metaphase, some of 
the ring pairs open and thus become separated. The continuous pachynema 
hitherto observed in Oenothera has been due to the presence of a number of 
linked chromosomes' in a ring or chain, while free pairs of chromosomes, whm 
present, are frequently linked round the chain but never actually continuous 
with it. 

Evidence is obtained that the double threads making up the loops of the 
pachynema stage are closely twisted about each other, allowing for the occur- 
rence of numerous ohiasmata. Rod pairs of chromosomes, which occur in 
blandina with a frequency of about 3 in 1000, indicate that occasionally there 
is no chiasma between the point of spindle fibre attachment and an end of a 
chromosome. Thus we may conclude that while the ends of chromosomes 
in Oenothera pair side by side, asynapeis characteiises their median portione. 

The work embodied in this paper has been completed with the aid of a grant 
from the Department of Scientific and Industrial Research. 
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EXPLANATION OF PLATES. 

AH figures were sketclied at table level with the aid of a camera Jucida. A 2 nun. Zeiss 
apoohromatio objeotive (N.A. 1-4) was used. Zeiss oo. x 20 (magnification x 2950) was 
used for figs. 1 to 6, 7 to 10, 18, 19, 22 to 36; Zeiss oo. X 15 (magnifloation X 2000) 
employed for figs. 11 to 17, 20, 21 (smear preparations); Zeiss oo. X 10 (magniflcatiDn 
1350) for fig. 6. 

Figs. 11 to 17, 20 and 21 represent the whole contents of pollen mother cells, but in figs. 
12, 15 and 16 the nuclear membrane has not been shown (smear pn^parations). 

Figs. 6 to 10 and 19 are from a preparation of Of. jmrjmra^a fixed in absolute-aoetio, 
the rest in Allen's Bouin (Kihara's method). 

The drawings have been reproduced without reduction. They are all from polled 
mother colls. 

Plat* 16. 

Fio. 1.—The resting nnolens in Oe. hlandina, showing densely staining masses in the 
reticulum. 

Fia. 2.—^Thft resting nuolous in Oe. purpurata, showing densely staining masses of various 
sues. 

Pio, 3.—The resting nucleus in haploid Oe. rubriralyx showing about 16 darkly staining 
mosses in the reticulum. 

Flo. 4.—^A resting nucleus from the same anther as fig. 3, showing only 6 darkly staining 
masses in the retkmlnnu 

Fio. 6,—Very early prophase in Oe. hlandina showing coarser reticulum and soatteved 
beaded threads, especially towards periphery of nucleus. 

Fio. 0.—Zygotene in Oe. purpurtUa (absolute-acetic preparation). Section of whole anther 
showing non-glandular binuoleate tapetum, 3 pollen mothor-oells with d iffu se threads. 
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Ite. 7.—^Zygotene. A portion of top riglkt-hand nudeiu in fig. 6 ahowing pogmdvo 
pairing of timada. 

Vjqb, 13 to 10.—Diftkinenia In smear {reparations of Oe. purperato. 

Fig. 13.—6 free pain, 1 rod pair, 2 interlocked pain of ohromosomes. 

Fig. 14.—4 interlocked pairs, 2 interiooked pairs, 1 free pair. 

Fio. 10.—2 rod pain, 2 interiooked pain, 3 free pain, 3 nuoleoli. 

Fig. 10.— 6 free pain, 2 interiooked pain; 1 free pair shows evidence of earlier 
ohiasma. 

Platx 17. 

Oe. pttfpurato. 

Fio. 8.—Later stage in Oe. purpurata (absolute-aoetio) showing thickened thread, 7 loops 
of double thread of uneven thioknees, showing twisting. Note oytomyxia. 

Flos. 9 and 10.—Posb-paohytene stage in Oe. pttrpwiUa (absolute-acetic) showing flattened 
ohromosomes with indications of their double origin and very fine connections. 

Fig. 9,—Shows a ring of 0 chromosomes (1-^), 2 independent chains of 3 chromo¬ 
somes, I-III and a, b, r, where chromosome b is connected to both a nnd c i 
1 free pair and I single chromosome. Fig. 10 shows a out nuoious with a chain 
of 5 ohromosomes. 

Fig. 11.—DiakineHta in Oe, purpuraia (smeair), 7 pain of chromosomes, 4 interlocked pairs 
(1 of them drawn out), 2 interiooked pairs and 1 free pair. 

Fio. 12.—Duklnesls in Oe. putpuraUi (smear), 2 of the pain interlocked. 

Fig. 17.—^Diakineais in Oe. pufptcmfa (smear), 7 free pain. 

Fig. 16.—Heterotypic metapbase in Of*, pttrpamto, 0 ring pain (I broken) and 2 rod pain 
of chromosomes. 

Fig. 19.—Heterotypic metaphase in Oe. purpuraia (absolute-acetic) showing a chain of 5, 
a chain of 4, a chain of 3 and 1 free pair of ohromosomea. 

Fio. 20 and 21.—Heterotypic metaphase in smear preparations of Oe. purpuraia, 

Oe, biandina. 

Fed. 22.— Post-sygoteno in Ot, Uandina showing progressive thickening of loops. 

Fig. 23.—“ Second coutraction ’* in Oe. biandina, showing 1 free pair of condensed chromo¬ 
somes in top focus and interlocked loopa, 

PutTS 16. 

Oe. bkmdina. 

Fzg. 24.—^Diakinesis. 7 free pairs of chromosomes into*locked. 

Fio. 25.—Diakinesis. 6 pairs of ohromoBomes intorlociked and 1 free pair. 

Fig. 2B.—^Diakinesis. 7 free pain of chromosomes. 

Fig. 27.—Diakinesis. 0 free pain, 2 interiooked pain of chromosomes. 

Flos. 26 and 29.—Diakinesia. 7 free pain (1 ring open in fig. 29). 

Flos. 30 to 32.—Slightly later than fig. 33. Fig. 80 shows 4 interiooked pairs and 3 inter¬ 
locked pain (one out). Figs. 31 and 32 show 1 free pair, the rest interiooked. 

Fio. 33.—Btoltipolar spindle. 4 interlocked pain ol chromosomes in a chain, 2 free ring 
pain and 1 rod pair. 

Fig. 84.—^Heterotypic metaphase. 7 free pain d ohromosomes (1 a rod pair). 

V^Q. 86,—^Heterotypic metaidiase. 7 free rod pairs of ofaromoeomes. 1 has a doable 
connection sbd 2 granules, suggestliig eariier ohiasma. 

Fto. 30.—^Heterotypic metaphase. 7 free pain of ohromosomes; 1 tod ohiasma and 0 
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Critical Evidence of Paraeynapsis in Oenothera. 

By D. G, Catchbstde, M.Sc. 

(Communicated by B, Buggies Gates, P.K.8 —Bcceived May 27, 1931). 

Introduction. 

The formation, in Oenothera species, of rings or chains of chromoBomea 
joined end to end, first found by Gates (1908), was shown by Cleland (1922) 
to be characteristic for particular forms. In Oe. francisoanaf for instance, 
there is at diakxnesis and metaphase regularly a ring of 4 chromosomes and 6 
bivalents, and in Oe, murioata (Cleland, 1926), there is a ring or chain of 14 
chromosomes. Numerous workers have added to the number of species, 
mutants and hybrids examin(Hl, and Gerhard (1929) has presented a classified 
list. It is apparent, then, that every Oenothera form has a specific chromosomal 
configuration or, more precisely, that each form has a particular configuration 
which is more frequent than any other awl from which other possible con¬ 
figurations may be derived by simple modifications. 

Undoubtedly, therefore, there must be some innate reason for the fixity of 
coiutruction, and Darlington (1929) traces it to interchanges of end-segments 
between non-homologous chromosomes occurring during the evolution of the 
various forms. Each species is thus a structural hybrid, true breeding by 
reason of the operation of a ^balanced lethal system. Pairing is essentially 
parasynaptic and takes place Wfcwcen homologous end-segments with subse¬ 
quent terminalisation of chiasmata established between the paired segments. 
In this way, chromosome segments must be specific in their position and 
attraction, a matter that has been adequately proved by Blakesleo and 
Cleland (1930) and Cleland and Oehlkers (1930). 

ParasynapaiB, however, has not been properly demonstrated in Oenothera^ 
and no description so far given fits the facts of specificity of attraction. 
Boedijn's (1926) description in Oe. Lamarckiana of the irregular formation, 
ziear the end of diakinesis, of chains from seven pairs previously formed, is 
contiaiy to the established fact that this species has regularly a ring of 12 
chromosomes and a bivalent (Cleland, 1926 and 1929; H&kansaon, 1926). 
Kihara (1927) based a parasynaptic account on the doppelketten origin of a 
ring of six in Rumex acetoedia^ but the case is not strictly comparable since that 
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plant is a polyploid. K&to (1930) derives the ring of 12 chromosomes in Bhaeo 
discolor from a similar double cham» but such an explanation in OsnoCAero 
win not fit in with the genetical facts or with specificity, 

Triploid Oe. pycnocarpa has supplied evidence (Gatcheside, 1931} that dipbid 
Oe. pycnocarpa^ having a ring of 14 chromosomes, is a structural hybrid; 
moreover, the occurrence of triple (compound) ohiaamata, at the point where 
three chromosomes pair together at one end, has proved that each chromosome 
is already equationally split. 

The present work has been done upon a form that early promised to show 
evidence of homologous end segments and of interstitial chiaamata, and from 
it a suggested account of meiosis in Oenothera has been drawn up. 

Material and Methods. 

The material was derived from one plant of a culture grown by Professor 
R. B. Gates, F.R.S., from seed supplied by Professor Hugo de Vries, under 
the name of Oe, Lamarckiana mut. paUescens, which is a trisomic ; it was soon 
seen, however, that this plant had 14 chromosomes, organised as a ring of 6 
and 4 ring bivalents. The plant thus appears to be a diploid form derived 
from the trisomic and is perhaps a half-mutant; this can be decided solely 
from its breeding behaviour.* Buds of various ages, stripped of their sepals, 
were fixed in Allen's modification of Bouin, after about 3 to 5 seconds' treat¬ 
ment with eSamoy, following Kihara's method ; though immersion in Camoy 
removes the wax and thus materially aids wetting of the material by the 
aqueous fixative, yet the fluid tends to mar the staining properties of the cells, 
so that its use is not to be recommended unequivocally. The material was out 
at 16 microns, after embedding in 49^ wax, and stained with Heidenhain’s 
iron-alum hflomatoxylin. 

(^)8ervalion8. 

Numerous nuclei at diakinesis and the heterotypic metaphase show a regular 
organisation of the chromosome complement into a oirole of six and four 
bivalents; occasioncdly, as in many other Oenothera forms, an open chain replaces 
the ring due, as it is now believed, to failure of chiasma formation between the 
ohromoBomes involved. The expected doubleness of the connection and of the 
chromosomes, due to the longitudinal split into two chromatids (Oatoheaide, 
1931), has been seen to some extent; careful focussing at both diakinesis and 

* The F| progeny, Ihii summer, shows a splitting into 2 types, one repeating the half¬ 
mutant, the other a new forni. 
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metaphase reveals double ends to the chromosomes, while in some cases two 
fine strands connect adjacent ohromosomes in the ring (fig. 3, A). The 
bivalents, moreover, reveal the same tetrad structure that has been observed 
constantly in many other forms. Naturally, not all the chromosome ends will 
appear double, and some will be clearer than others, owing to the fact that there 
will be all gradations from the case in wliich the two chromatids are lying side 
by sido 4n the plane of the field to that in which they are superposed; in the 
latter case, the distance separating them being already very small, to all 
appearance they will coincide. Failure to observe the double connection may 
be traced to two causes : (1) the extreme delicacy of the threads, owing to which 
collapsing effects of fixatives are liable to be frequent, and (2) the very small 
distance separating the two threads, so that, except with critical illumination 
and the most accurate microscopy, diffraction effects will blur their distinct¬ 
ness and make them appear single. In fact, in a connection between two 
chromosomes, the distance between the two threads is small compared with 
the wave-length of light; it will therefore be usually impossible to separate 
the two threads completely throughout their length. It is evident, however, 
that there is more than sufficient proof of their existence, both from the split 
chromosome ends in this diploid and more clearly in the triple connections 
shown in trisomics (H&kansson, 1930) and triploids (Catcheside, 1931). Fig. 
3, A, shows a very dear double connection in the chain. 

At the earliest phase as yet successfully analysed, the four bivalents, in 
favourable nuclei, may be found as separate entities organically connected 
neither to each other nor to the ring of six chromosomes. The stage shown at 
fig. 1 expresses in all essentials the principles of chiasma formation at diplotene 
required on the theory of paraa 5 Tiapsi 8 and of structural hybridity. The 
movement of the chiasmata towards the ends of the chromosomes probably 
bM already commenced. It will be advantageous to describe the sequence of 
changes in the bivalents and in the circle of six separately, and to deal with the 
bivalents first, since much is known of bivalent construction in other forms. 

The most frequent number of chiasmata seen in the bivalents at diplotene 
is three (fig. 1, 6, c and e), though two (fig. 1, d) or four and as many as five 
(fig. 2, o) are occasionally present. In the cases seen, the chromosomes have 
the major portion of their substance located between two chiasmata, suggesting 
that (1) chiasma formation is most frequent towards the ends of the bivalents, 
and that (2) there is a movement of chiasmata away from this portion (con¬ 
taining the attachment constriction) towards the much more slender distal 
portions. The individual chromatids may be seen along practically the whole 
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les 

]«ngtli of the bivalent, except, that ia, in regions where they ate snpetposed 
in the axis of the mkrosoope; it is evident, too, that sister chromatids are 
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Fio. 1.—^Dipbtene, probably rather late» the oonstituent parts drawn leparately, their 
relative poations being indkated at (F); (A), ring of six, showing interstitial ohiaamata 
with varying lengths of chromatid distal to the ohiaama ; (BH i^he four bivalents, 
showing interstitial ohiaamata. X 3300. 

paired together at the attaohment constriction. At this time they are very 
variable in thickness and outline, being thick at their centres and thinner 
distally ; the surface in the thick portion is more or less irregular, while in the 
thinnest distal portions an appearance suggestive of a row of variously sized 
chromomeres may be distinguished in some of the less condensed bivalents. 
The scarcity of stages (such as those shown at fig. 2, b and c) between this one 
and diakinesis, when the chromosomes are fully condensed, suggests that the 
processes of terminalisation of chiasmata and of condensation and smoothing 
of ohromosomea proceed relatively rapidly. Stages indicate, however, a 
reduction in number of the chiasmata to the two normal at diakinesis. In the 
greater proportion of oases the two ohiasnuta are both terminal; quite fre- 
^pmily, however, one (fig. 2, d,/, g) and rarely both (fig. 2, e) are aubtenninal, 
there being a smaller or larger portion of the bivalent distal to the ohiaama, 



169 


Paraaynapsis in Oenothera. 

due, I believe, to incomplete terminalisation, rather than to arreet by a change 
in homology. This opinion is based upon the greater frequency of such inter- 



Fia. 2.—Bivalents at variona stages: (a), diplotene with & ohiasmata; (ft) and (e), early 
diakinesis, tetrad structure evident; (d-p), diakincsis showing presence of inter¬ 

stitial ohlasmata; (A), heterotypic metaphase, with interstitial ohlaama. Figs. A ^ 
D, E, F, H, X 3300 ; figs. B, C, G. x 2700. 

stitial chiasmatfi at diakineais than at the heterotypic metaphase. Inter¬ 
stitial chiasmata are seen at this latter stage (fig. 2, h) and later such bivalents 
lag behind others in which the chiasmata were both terminalised; such 
lagging is evidently due to the unravelling of the chiasma, movement of the 
ohiasma being caused by the disjunction of pairs of chromatids joined together 
at the attachment constriction. 

The behaviour of the ring-forming chromosomes is similar in principle, 
except that the chiasmata do not occur along so great a length of a particular 
chromosome. So far as one can decide, a single ohiasma links adjacent chro¬ 
mosomes, and occurs fairly near to the ends of the chromosomes associated 
by it (fig. 1, A). The length of chromatids distal to the ohiasma appears to 
differ slightly around the ring, suggesting that the lengths of the homologoua 
end-segments differ in different cases, or that the chiasma is itself formed at 
random in the length of the end segment; more probably it is a combination 
of both. The present material is insufficient to assess the relative importanoe 
of these two factors. If the chiasmata are established at varying distances 
from the ends of the segments and assuming that the rate of movement of the 
chiasmata towards the terminal position is the same in all oases, it is readily 
understood why in some instances at diakinesiB the ohiasma is fully tenninalised 
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while in othen it ie num or less inteistitial, showizig a lazger or smaller distal 
segment. Such struotures have been seen frequently, in the present material, 
in the ring of chromoBomes (£g. 3, A, B, F); but at the heterotypic metaphaee, 



Fio. 3.—Whole nuclei at diakineaia ; (a), early diakineme, showing double oonneotioa in 
chain and interstitial ohiasmata in obain and bivalents; (6). interstitial obiasmata and 
showing double oonneotions; (e), Uvalent dipped on to ring between two ohiasmata 
tennioaUsed in same diieotion; (d), oh^in of six rod bivalent and three zing bivalenti; 
(s), four bivalents interlocked independently with the ring; (/), ring and four bivalents 
intertooked like the links ol a chain. Figs. A-G> x 8300; figs. D-Fp X 2700. 
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owing to continued terminal movement of the chiaHmata during the whole of 
dialdnesis, practically all of the chiaamata arc quite terminal; rarely a slightly 
interstitial one is seen (fig. 4, C). 

Bearing upon the orderly and uniform rate of movement of the ehiasmuta 
in a terminal direction ia the observation that at very early diakinesis, while 
markedly interstitial chiasmata arc usual in the bivalents, such arc propor¬ 
tionately less frequent in the ring. This accords with the observation that the 
chiasmata are formed at random along a consideraidy smaller extent of the more 
distal regions of the ring-forming chromosomes, the latter thus having a 
considerably shorttT distance to travel. Active movement of the chiasmata 
in this manner must mean a distinct livcline^ on the part of the nuclear material, 
and may explain why in many plants this stage is so sensitive to the effects of 
certain hxatives. 

A remarkable feature is the frequent interlocking of the ring bivalents with 
the circle of six or with each oth<'r. This is e8|)eciully noticeable at diakinesis, 
though it can bo traced through the multipolar spindle stage to the heti^rotypic 
metaphase. Although interlocking nmkes for a close group at metaphoae, 
often difficult to analyse completely, it does not stTUi to interfere with the 
regular arrangement (in respect of disjunction) of the ring and bivalents on 
the spindle. Accommodation of the interlocked bivalents is sometimes 

Ai. 

c 

Fio. 4.—Heterotypio metaphaso : (a), regular diejunotion in the ring; (6), double non- 
disjunotioD on same side in ring, two bivalenta interlocked and one bivalent with inter¬ 
stitial ohiasma; (c), non-diajunction in ring, interstitial chiasma in ring, and double 
oonmeotioDS ahown in some oases. Figs. A and B, X 2700; fig. C, X 3300. 
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possible only by thoii arrangement at different levels on the spindle. A 
statistical study of the various types of interlocking has been made at dialrinnms ; 
unfortunately, the difficulties of observation at metaphase have prevented any 
extended study of the question at that stage. Lioidentally, the frequency of 
failiurc of chiasmata at diakinesis had also been estimated. 

Illustrations of various types of interlocking are seen at dialdnesis at fig. 
3, R, C, E and F. Fig. 3, e, shows all four bivalents interlocked independently 
with the ring; while fig. 3, F, shows the four bivalents and the ring interlocked 
like the links of a chain. In fig. 3, C, one bivalent (to the right) is clipped on 
to the ring between two chiasmata tenninalised in the same direction. Inter¬ 
locking is difficult to trace at metaphase, but in fig. 4, B, two of the bivalents 
are thus entangled. Failure of chiasma formation between two of the chromo¬ 
somes in the ring is seen at fig. 3, A, while there is in addition failure to form 
more than a single chiasma between the two chromosomes of a bivalent at 
fig. 3, D. 

In 331 whole nuclei examined the following classes of arrangement were 
found• 

No. of Per oent- 
nnolei. age. 

King of 6 and 4 ring bivalents, 14 diakinesis chiasmata.... 292 88*2 

Chain of fi and 4 ring bivalents . flS diakinesis19 

Bing of 6,3 ring bivalents and 1 rod bivalent\ chiasmata / 18 

Chain of 0,3 ring bivalents and 1 rod bivalent ri2 diakinesis “I 1 
Chain of 4, chain of 2 and 4 ring bivalents \ chiasmata J 1 

Total . 331 

In all, 21 different classes of interlocking were found among the 292 nuclei 
with a ring of 6 and 4 ring bivalents ; the other 39 nuclei could be grouped into 
13 classes. 

It is evident then that the chance of failure of one chiasma pet nucleus is 
11*2 -(- (0*6 X 2) SB 12*4 per cent. Hence the chance of failure of two 
chiasmata together in one nucleus is (12*4)*/100 = 1*54 per cent.; the 0*6 
per cent, actually found is a rather poor agreement with the expectation arrived 
at thus, and is probably due to the small number of nuclei coimted. The 
comparative chuces of fulure of any particular chiasma in the ring and the 
bivalents, considered separately, are tespeetivd.y 22 X 100/331 X 6 = 1*1 
per cent., and 19 x 100/331 X 8 = 0*7 per cent., indicating that chiasmata 
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are formed over a greater length in the bivalents as compared with the ring- 
forming ohromoaomes. 

A detailed enumeration of the different classes of interlocking is quite 
unnecessary; the results are summarised in Table I, an interlock coimting 
once only and that in conjunction with the particular structure concerned in 
the interlock. 

Now,-the TTiftTimiiTn possible interlocks with the ring is 292 X 4, and also 
the TTiAximTiTn possible interlocks of bivalents with each other is 292 X 3, 
Hence the chances of a bivalent interlocking with the ring or with another 
bivalent are respectively ;— 


*.c., 


465 

4 X 292 


X 100 


and 


111 

3 X 292 


X 100 


39‘6 per cent. and 12 -6 per cent. 


Hence the relative chances of a bivalent interlocking with the ring or with 
another bivalent are as 3 * 13 ; 1, suggesting that the relative chance is con¬ 
ditioned by the relative lengths of (or numbers of chromosomes, viz., 3:1, 
taking part in) the ring of 6 and a bivalent. 

The total average amount of interlocking found in this Oenothera is about 


Table 1.—summary of interlocking in 292 nuclei, in which a particular 
interlock is counted once only in connection with the structure (ring or 
bivalent) with which it is made. 


iDteriooka of UralanU with the ring of six. 

Interlooka of UyalentB infer ae. 

No. of 

No. of ^ 

ToUl 

No. of 

ToUi 

intoiioola. 

nuclei. 

interiooke. 

interlocks. 

interiooln. 

0 

18 

0 

0 

0 


15 

0 

1 

15 


4 

0 

2 

3 


1 

0 

3 

3 

1 

62 

62 

0 

0 


37 

37 

1 

37 


5 

6 

2 

10 


1 

1 

3 

3 

3 

65 

130 

0 

0 


31 

42 

1 

21 


5 

10 

2 

10 

8 

46 

138 

0 

0 


4 

12 

1 

4 

4 

7 

26 

0 

0 

lotiUs. 

— 

465 

— 

111 
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fiO per cent., a circumstance which suggests that interlocking is quite at random. 
If the chromosomes are distributed at random throughout the resting nucleus, 
any particular chromosome will have an equal chance of approaching its mate 
from a position either between or without any other pair of mating chromo- 
Homes. The chance of a particular interlock occurring would therefore be 50 
per cent.; this should be the proportion of interlocks established no matter 
what the chromosomal configuration may bo. 

DiBCuasim. 

The recent work of H&kansson (1930) on trisomics, of Capinpin (1930), and 
of Catcheside (1931) on triploids has added materially to the body of facts 
that fit in with the interchange theory. The segmental interchange theory 
now offers, then, a unified explanation of (1) ring formation, (2) its inheritance 
on selfing and crossing, (3) the origin, by occasional crossing over, of mutants 
differing in properties of ring formation from their parents, (4) the chromosomal 
configurations of triploids and of trisomics, and (5) the specificity of attraction 
of chromosome segments as shown by hybridisation experiments. 

An exact demonstration of parasynapsis, however, is not to be found in the 
literature, though certain structures figured by H&kanason (1930), under the 
title ^^Querarm,” are obviously the result of the formation of interstitial 
chiasmata and thus provide good evidence that side by side pairing of the 
chromosomes forming the bivalents had taken place. In the published figures, 
too, the fine connections have always been represented as single strands and 
the two chromatids constituting a single chromosome never shown, as though 
the equstional division of the chromosomes was delayed until after the anaphase 
of the first division. In the early interkmesis nucleus the two chromatids of 
a chromosome separate from one another at their ends and pivot at their 
attachment constriction to form a characteristic Maltese cross; the equational 
division is, however, unlikely to occur so late and especially in the condensed 
chromosomes. It must be concluded, therefore, that the division of the chromo¬ 
some into two chromatids must have occurred at some period during the pro- 
phase of moiosis ; this division has never been traced in spite of a great deal 
of work upon this stage, nor have workers displayed much curiosity concerning 
its history. The present study shows that it must precede diplotene, and possibly 
it takes place during the period represented in preparations by the synixetic 
knot, which is undoubtedly an artefact produced by the collapsing effects of 
the fixatives at a time when the chromosomes are in a delicate thread-like 
condition. That the connections between any two chromosomes, and hence 
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the chromoflomes themflelves, must be double follows from the prosenoe of two 
connections proceeding from each chromosome when three of them are associated 
hj their ends ; this has been demonstrated clearly in trisomics and triploids. 
The lobed ends of the chromosomes often show clearly, and in favourable 
cases the doubleness of the connections betwoiui chromosomes is traceable in 
the Oenothera here reported. 

On the basis of parasynapsis and segmental interchange, fairly definite 
situations may be predicted for various prophase stages of meiosis in Oenothera, 
The six ring-forming (ihromosomes t 3 rpical of the present form arc shown 
diagrammatically at leptotene in fig. 5, a ; at this stage they would be free from 



Bto. 5.—Magnun of prophase of meiosis in Oenothem with a ring of six ohromosomeB: 
(a) leptotene* the thread-like ohromosomos unpaired and separate; (6) zygotene, 
pansynaptiopairiiig having taken place between homologous end segments of ohromo- 
•omea, their lengths differing around the ring thus established; (c) pachytene, 
the ehromorrir— are split into two chromatids; crossing-over occurs at this stage ; 
(d) diplotene, ohiaamata having been formed at one point in each of the pa^ seg¬ 
ments, with a frequency decreasing from the ends of chromosomes; note the diffemoe 

in o| the distal icg&ons. 
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one another as slender threads lying in the nucleus. It must be noted, in the first 
place, that each of the chromosomes may be divided into three parts, a central 
segment that may be homologous with portions of the central segments of one 
or more other chromosomes, and two end s^ments that have different speoifio 
attractions, one of them for one end of another chromosome, the other for one 
end of a third chromosome. For the present, it is impossible to assume that 
the central segment has no homologous portions in other chromosomes; 
hence, judging from the later stages (diakinesb) that are known sufficiently 
well, it is necessary to asume that pairing at zygotene (fig. 6, b) is restricted 
almost entirely to the end segments of the chromosomes; so far as the pub¬ 
lished data go, it might be said that restriction is complete. In the case of 
the ring-forming chromosomes, it might well be that synapsis of the chromo¬ 
somes normally begins at their ends, as in MeGOstdhus (Janssens, 1924) and 
other Orthoptera, thus mechanically restricting the pairing to the end segments, 
since the proximal ends of the segments are marked by a change to different 
homologies; the interlocking of bivalents with each other or with the ring, 
seen later on during prophase, would be susceptible of easy interpretation on 
such a basis. It should bo noted that the lengths of the homologous end 
segments vary. After synapsis, presumably, each chromosome divides 
longitudinally to form the two chromatids characteristic of pachytene (fig. 
6, c); subsequently, chiaamata would bo developed intcrstitially, probably 
no more than two being developed normally iu each chromosome, one in each 
of the two end segments (fig. 5, d). Movement of such chiasmata towards the 
ends would mean the steady diminution in size of the portions distal to the 
ohiasma, until finally they had become terminal, as is generally the case at 
diakmesia and at the heterotypic metaphase in Oenothera. 

Failure of chiasms formation at any one point must signify a break in the 
ring at that point. It has been deduced above, from the observations made, 
that failure of one ohiasma occurs in an average of 12*4 per cent, of nuclei; 
hence the chance of failure of any particular chiasms, normally present at 
diakinesis, is 12*4/14 = 0-9 per cent. 

Incomplete tenninalisation must result in obaracteristio appearances, such 
as those described above, of interstitial chiasmata at the later stages of meiosis. 
Examination of the published figures shows a decided paucity of such structure 
while their true nature does not seem to have been recognised. Sheffield 
(1927), in Oe. novae-sooluF, at diakinesia (fig. 23), describes a granule on the 
connection between two chromosomes; this is evidently a subterminal chiosma, 
with a very minute distal regimi. Cleland and OehUcers (1930) show struotorea, 
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at dialduesifl, that appear to me fluggcative of interstitial chiasmata, in Cte. 
Cockerdli (fig. 4, 6) and in Oe. {slrigosa x Lamarckiana ctuciaia) dejifimem 
gaudens (fig. 12, i). 

The presence of an interstitial chiasma always causes marked lagging at 
anaphase, since the completion of the terminal movement of the chiasma 
requires an appreciable amount of time. Wlicn tlie, chiasma is fully terminaU 
ised, the breakage of the connection is a rapid process, and then the 
ends of the chromosomes, freed from the restrainii\g influence of tlie 
connection, snap away from one another. Illustrations of these phases 
are well shown at figs. 51 and 32 in a paper by Gates and Sheffield (1929). 
Unfortunately, late anaphases and tclophase^s ani iinrepr<?scntc<l in my own 
material. 

Bivalents, in forms possessing them, provide a rather different case ; olvjcrva- 
tions have shown that the two chromosomes of a bivalent arc usually asMKsiatcd 
at diakinesis and metaphase by tenninal chiasmata. Interstitial chiasmata 
have been figured by H&kausson, and these suggest immediately that the 
typical terminal chiasmata result from terminalisation of originally interstitial 
ones. From genetioal and other considerations, there is every probability 
that the two chromosomes constituting a bivalent an*, homologoiis throughout 
their length ; cytologically, this is essential only in a perfectly stable form. 
We have then, in the bivalents, a i>robable history as follows : association side 
by side of two chromosomes throughout their length, synapsis commencing 
at the ends (zygotene); splitting of each to give four chromatids in all (pachy¬ 
tene) ; random formation of chiasmata along the length of the bivalent with 
subsequent movement of them away from the spindle attachment point to 
either end of the bivalent, until normally they are quite terminal. In some 
cases, c.^., H&kansson's bivalents with croBsarms, the terrainalisation process is, 
for some reason or another, incomplete, whence the appearanw? of interstitial 
ohiasmata at diakinesis or still later stages. 

Various facts, however, lead one to believe, with Newton and Darlington 
(1930), that the formation of chiasmata is not, for some Reason, random through¬ 
out the whole length of the bivalent, but that chiasmata occur with decreasing 
frequency as the attachment constriction is approached. In harmony with 
this view is the fact that bivalents with relatively subterminal cliiasmata, 
with but a small distal arm, ore much more frequent than those with decidedly 
interstitial chiasmata. 

The terms used extensively in Oenothera literature for different prophase 
stages of meiosu, ore not those used in the present paper, nor in many other 
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accounts of the leduction division in different organisms. The following 
equivalents ore suggested as being approximately correct:— 

1. Presynisesis . Leptotene. 

2. Synizesis. Zygotene. 

3. Open spireme . Pachytene. 

4. Pachytene and second contraction. Diplotene and movement of 

chiasmata. 

Two of these, namely, numbers 2 and 4, are stages at which the nuclear con¬ 
tents, in a relatively fine thread condition, must be in a very lively state of 
movement; in the former stage the chromosomes arc actively approximating 
and pairing, while in the latter there is looping and subsequent rippling of 
the chromatids as the chiasmata are terminaliscd. At these periods, then, the 
nuclear contents must be in a remarkably sensitive state, and hence the 
deleterious efitecta of fixatives just a trifle slow to act are not at all surprising. 
The very frequent interlocking of bivalents irUer se and also with the ring of 
six chromosomes must also tend to foster the frequent appearance of a second 
contraction into a single more or less dense mass. That interlocking is, how¬ 
ever, a mechanical accident occurring at the time of the pairing of homologues 
must be fairly evident. 

The agreement of the cytological observations with the genetical conditions, 
as adduced by Renner and his co-workers, is sufficiently obvious; but the 
likelihood of a genetical map being constructed to correspond to the cytological 
conditions seems, however, to be exceedingly n'motc. In OmoUiera there 
must be a regular segregation of sister chromatids together, under the control 
of the spindle fibres, not only in the region of the spindle fibre attachment, but 
also in other regions, even though the latter are paired with other chromosomes 
which are influenced in their migration by synapsis in still other regions with 
other chromosomes in turn. The cytological evidence suggests that this is 
the case; indeed, the regular zigzag arrangement of alternate chromosomes 
in the ring, with chiasmata usually terminal or almost so, permits of no other 
interpretation, but precise genetical evidence on this point is difficult to 
obtain, Muller, however, in the cose of the “ Star Curly ’’ translocation in 
Drosophila, in which a large portion of chromosome III is attached to chromo¬ 
some II, has shown (1930) that the directions of migration of the free fragment 
of chromosome III and of the homologous chromosome III of normal stmeture 
are correlated with or influenced by the position and direction of the ohromosome^ 
n bearing the translocated part of chromosome 111. The result was that 1-7 
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times as many gametes were formed bearing normally proportioned chromo¬ 
some combinations as those bearing disproportioned combinations; assortment 
was thus determinate rather than random, a point in agreement with the 
metaphase arrangement of the ring-forming chromosomes in Oenothera, 

The history of the chromosomes and their chromatids during the prophase 
of meiosis is now quite clear from detailed work on critical material {TuLipa^ 
HyaoivUthus^ etc.); at pachytene the bivalents consist of four chromatids, 

and at diplotene loops are developed by apparent separation of the chromatids 
in pairs alternately in adjacent intomodes, the node being marked by a 
chiaama. Most are agreed that the point of exchange of chromatid segments 
is actually at the chiasma; moreover, detailed genetical evidence (largely 
from DrosopfiHa) shows that cross-overs occur between only two chromatids 
at any one point, thus destroying Janssen’s theory of total chiasmatjrpy. 

Sax (1930) regards the chiasmata as primarily points of interchange of 
partners among the paired chromatids, supposing that close association and 
coiling of the paired chromatids prevents any movement of the '’^hiasmata 
and further that any strain imposed on the chiasma is liable to cause the crossed 
chromatids to break at the point of contact. Strains are imposed, he states, 
by (1) further opening out of the intemodcB, (2) unequal contraction of the 
two chromonomata, or (3) a slight amount of twisting of the chromunema as 
it coils. The breaks occur at the same locus in most cases owing to the close 
association of the paired chromatids ; subsequently, the free ends of the chroma¬ 
tids thus broken pair, gene by gene, with the intact chromatids until the 
broken ends of the different chromatids are brought into contact. Thus the 
number of chiasmata is reduced by crossing-over, the remaining ones per¬ 
sisting until they are pulled apart at anaphase. On the basis of this, Sax 
accounts for Sturtevant’s (1925) case of unequal cross-over at the bar locus of 
the X-chromoBome in Droaophilaf and for the crossing-over characteristics of 
triploid Drosophila as compared with the normal diploids. This speculation, 
of course, fails to explain the formation of chiasmata. Moreover, it takes no 
account of the facts of the frequent terminal movement of chiasmata and of 
their rarer movement towards the attachment constriction in FritiUofia 
(Newton and Darlington, 1930); the evidence in this Oenothera points to 
regular terminalisation. 

Darlmgton (1931), dealing with crossing-over and chiasma formation, has 
advanced an hypothesis which regards diplotene chiasmata as originating at 
points where an exchange has previously occurred between non-sister chroma¬ 
tids. Cross-overs between sister chromatids, while feasible, would not show them- 
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selves as chiasmata. It is evident, therefore, that the exchanges cannot occur 
later than pachytene. Bridges and Anderson's (1926) work on triploid 
Drosophila females shows clearly that crossing-over occurs when each of the 
three chromosomes is in the two-strand stage. Hence, the genetical evidence 
proves that it must occur at pachytene when each chromosome is split into 
two chromatids. Darlington (1930) has presented critical evidence, from 
tetraploid HyadnthiUt that a change in identity must occur at a chiaama. He 
showed that where two chromatids that formed a ohiasma with two other 
chromatids, also formed chiasmata with a third pair of chromatids on either 
side of the first chiasma, the chromatids must then be assumed to be in the 
same combinations on the two sides of this chiasma ; this must involve crossing- 
over at the first chiasma. Such configurations were found in tetrasomic 
hyacinths and also tetraploid Primula sinensis^ and provides a clear demon¬ 
stration of chiasmatypy. The difference in cross-over value between male and 
female Drosophila is suggested by Darlington (1931) to be correlated with 
localisation of chiasmata in the heterogametic sex. 

Various meohanisms have been suggested by which it has been supposed 
crossing-over might occur. In common with Morgan (1926), Belling (1928) 
has postulated that breaks in the chain of genes are most likely to occur at 
leptotene, with the homologous chromosomes already split, when it is drawn 
out into a highly tenuous thread. He assumed that breaks would occur at 
random and that the chance of coincidence of two breaks in two particular 
chromatids at any particular point is Ijx; and showed that Ijx = C/100, 
where C is the observed cross-over percentage between two particular adjacent 
genes. His hypothesis makes the assumptions that the breaks occur in the 
chain of genes; that the breaks are at random in each of the two sister strands, 
except that there is a certain minimum and maximum limit between con8<^utivo 
breaks; and that when two breaks coincide the two broken left-hand ends 
reunite at random with the two broken right-hand ends, so that either the 
original ends reunite or a chiasma is formed. This theory fails to explain why 
the occurrence of one break should interfere with the occurrence of a second ; 
nor why croBsing-over should vary with temperature in the manner demon¬ 
strated by Plough (1917), At present, then, there is no satisfactory explanation 
of crosBing-over, though the Jbet of its occurienco is thoroughly established 
both genetically and cytologioally. 

Interlocking of bivalents and rings in Oenothera is perhaps due in the first 
instance to tlie association of homologues commencing at their two ends and 
proceeding towards their centres, interlocking then depending upon the chance 
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dupoflition of the homologues at either side of another non-homologouB ohromo- 
Bome, with the result that at pachytene the situation would be such as^is shown 
diagranunatically in fig. 6, a. Ohiasmata are perhaps formed at random in 



Fig. 6 . —Ocourronce of interlocking, the interlocked portion of the ring being represented 
by a black spot, and the attachment oonatrictiun by the arrows: (a) pachytene; 
(b)-(d) dipLotene; (6) one chiaama either aide of attachment oonfitriclion and of 
interlocked ring; (a) two ohlaamata one side of attachment constriction and either 
aide of interlocked ring ; (d) same as last, but with a further interlock in the region of 
the attachment constriction. Figs. (C) and(D) prove that the chiaama at X is the 
result of a cr<w»-over. 


the bivBlents, with a frequency decreasing towards the spindle fibre attachment 
constriction ; moreover, sister chromatids remain in contact at this con¬ 
striction. The simplest case is shown in fig. 6, 6, in which a single ohiasma is 
formed on either side of the attachment constriction and either side of tlie 
interlocked chromosome ; this case is explicable either on the classical theory 
of separation of pairs of chromatids in reductional and equational planes in 
HUCM^ecding intemodes, or on the chiasmatype theory. The remaining two 
cases (fig. 6, c and d) illustrated are explicable solely upon the latter theory. 
Alternate equational and reductional exchanges ore impossible in these oases 
because, presumably, the interlocking chromosome provides a complete 
barrier to an exchange in this manner in certain regions. Therefore, as will 
readily be seen, the ohiasmata at X in fig. 6, o and d, miist represent an actual 
crossing-over between the associated pairs of chromatids; presumably, too, 
the remaining ohiasmata likewise are the consequence of cross-overs. A 
configuration of the type in fig. 6, c, is shown in fig. 3, o ; such cases are rare 
and have been seen only three times in 331 nuclei at diakinesis. 

It is necessary, at this point, to consider in how far genetical results justify 
the suggestion that oytological chiasmata represent points at which genetical 
crossing-over has occurred between two chiotnatids. The cruoial point here 
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iSf of ooiirae, to discover whether there is a good Agreement between the number 
of chiaamAta actuallj observed and those possible upon genetioal data; for 
this purpose all that it is really necessary to know is the full length of the geneti- 
cal ohromosoDics in any one form and also the oytological conditions. This 
cannot, at present, be realised fully,* but DrcmophiJa offers the best oppor¬ 
tunities. According to Morgan, Sturtcvant and Bridges (1926) it has four 
genetical chromosomes (Nos. 1 to 4) respectively, 70, 107-6, 106-2 and 0*9 
units (centimorgans) in length; a prediction of the possible numbers of 
chiasmata in each of the bivalents is thus possible. For the present, it seems 
preferable to neglect the fourth (small) chromosome and to consider only the 
other three. In these three, the attachment constriction is nearly terminal, 
near locus 70, in chromosome 1 (the X-chromosome) and approximately median, 
near loci 54 - 5 and 48 respectively, in chromosomes II and III. The map distance 
between any two points represents, of course, the expected cross-over value 
under more or less standard conditions of environment and genetical com¬ 
position (freedom from modifiers, etc.); moreover, the cross-over value is the 
percentage of gametes that show that particular crossing-over. Bridges and 
Anderson (1925) found that a fairly frequent class of flies in the progeny of 
triploid females was one in which the two X’s were duplicates of each other for 
part of their length, but not for the remainmg part. This result indicated 
that each of the original chromosomes was in a two-strand stage when crossing- 
over occurred. Crossing-over thus takes place between only two of the four 
chromatids of a bivalent at any one point. Hence, a particular cross-over 
value between any two points represents an actual crossing-over (or chiasma) 
in twice as many gamete mother cells. For instance, crossing-over must 
occur in 100 per cent, of gamete mother cells, between two points 60 units of 
map distance apart. The apparent number of ohiasmata is, however, reduced 
by double crossing-over. It is well known, also, that double crossing-over is 
reduced by interference, the amount of the effect being stated as the inverse 
numericalproportionandisderivedfromobserved value of cross-over -r expected 
value of cross-over, which is called the observed ooinoidenoe of double crossing- 
over. According to Weinstein (1917) coincidence increases, beyond the initial 
region (nearly 16 units long) of aero value, until at a distance of 40 units it is 
slightly in excess of unity, beyond which it again decreased as far as it oould be 
followed. The decrease in coincidence beyond a maximu yn, indicates that the 

^ In PftfMda the range in length of the ohromosomea, oaloolated irom 

nliiAben, is 68*3 to 116*7 oentimorgana; the SBGLi ohroraosone is 111 *6 
bng (Dariington, 1631). 
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distance between two Buccessive cross-overs in the same pair of chromatids 
tends to be of a particular length, namely 40 centimorgans. Hence we most 
expect a cytological ohiaHma to occ^ur in a pair of chromatidn at points whose 
distance apart corresponds to 40 units of the genetic chromosome. Therefore, 
in Drosophila it is to be expected that oliromosome pair 1 will have an average 
of slightly less than two ohiasnmta to the left of the attachment constriction 
and practically none to the right of it; with tcrminalisation of the chiasmata 
the two X-chromosomes should normally give a rod bivalent. In the case of 
chromosome pairs 2 and 3, an average of rather over one cliiasma per arm is 
expected, or an average of about 2-6 chiasmata per chnmosome. These 
figures are the minimum possible on the geni‘tical data. There an*, however, 
four cbromatidH, all of whie.h may undergo crossmg-over, two at a time at 
different points along their length ; hence the probable maximum number of 
chiasmata is twice the minimum, namely, four minus for chromosome 1 and 
about five each for chromosomes II and 111. . 

With regard to the small fourtli rhromosume pair, on the above basis it 
would apparently have a chiasma only about once in 50 times ; in other words, 
the regular arrangement in Drostyphtla would be three bivalents and two uni¬ 
valents. 

It is readily apparent, them, that the number of chiasmata possible upon the 
gcnetical data of Drosophila agrees roughly with the actual number seen in 
the bivalents of Oenothera, namely, a usual minimum of two and a maximum 
of four or rarely five. In diploid Primula sinensis there are 1 to 5 diplotene 
chiasmata, the mean being 3 - 5 bivalent. 

Summary and Conclusions, 

Evidence in accord with the theory of parasynapsis and segmental inter¬ 
change is presented for an Oenothera form, having normally a ring of six chromo¬ 
somes and four ring bivalents. Parasynaptic pairing occurs between homo¬ 
logous segments of the ring-forming chromosomes and throughout the whole 
length of the two chromosomes of a bivalent, pairing usually commencing at 
the ends and proceeding towards the attachment constriction. 

Interstitial chiasmata have been seen at late diplotene and are figured also 
at diakineais and the heterotypic metaphase ; they appear to bo formed with a 
greater frequency towards the ends of the chromosomes. Tenninalisation of 
the chiasmata occurs during diplotene and diakinesis; failure of formation of 
one diakinesis chiasma occurs in about 12 per cent., and failure of two ch iasm ata 
in rather less than 1 per cent, of nuclei. 
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The chromosomeB are split longitudinally into two ohxomatidfl at some stage 
previous to diplotene; the bivalents thus have a tetrad structoie, while the 
oonneotionB between chromosomes in the ring are double (this is clearly visible 
in favourable cases). Interlocking is a mechanical result of the pairing of the 
chromosomes commencing at the ends, and it occurs during synapsis. 

The frequency of ohiaamata is considered in general from a genetical basis, 
and it is shown that the long chromosomes of DroaophUd probably have 
between two and five diplotene chiasmata each. 

The best thanks of the author are due to Professor B. Buggies Oates, 
F.R.S., for his kindly interest and helpful criticism. 
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The Reprodtictive Prooeases of certain Mammals. IL— The Size 
of the Graafian Follicle at Ovidation. 

By A. 8. Pabkes, Foulerton Student of the Royal Society. 

(Communicated by C. Lovatt Evana, F.R.8.—Received July 14, 1931.) 

(Prom the Daportment of Physiology and Biochemistry, University College, London.) 

1. TfUroduction. 

It is generally recognised that the size of the mature Graafian folliole varies 
greatly from species to species, and that, roughly speaking, the sue of the 
folliole at ovulation is greater in the larger mammals than in the smaller. 
So far as can bo ascertained, however, no attempt has been made to examine 
this relationship accurately. 

The present paper is primarily concerned with the correlation between the 
size of ripe follicle and the body weight of the species of animal, but a second 
point is also included. Brambell (1928) has shown that even in an animal 
such as the mouse, where the ripe follicle is comparatively small, the growth 
of the ovum is completed at an ^ly stage, and that the subsequent growth 
of the follicle must, therefore, be concerned with some other function than 
the nutrition of the ovum. Brambell actually found that the growth of 
the ovum was completed before the formation of the antrum, t.c., that the 
essential characteiistio of the mammalian follicle only appears after the 
nutrition of the ovum has ceased to be an urgent function. It seemed of 
interest, therefore, to ascertain whether a similar state of affairs exists in the 
follicles of larger mammals, and if so, what relationship the size of the follicle, 
when the ovum is fully grown, bears in different species to the ultimate size 
of the folliole at ovulation. 

II. Methods. 

Size of the Mature FoUide.—la several species the folliole is known to undergo 
very rapid growth immediately before ovulation, and a s i m i lar condition 
probably occurs in all mammala ovulating spontaneously. It is thus necessary to 
obtain an extensive series of follicles approaching ovulation before the final 
mature sise can be estimated with confidence, and at present accurate figures are 
available for comparatively few species. The figures given in Table I, column 6, 
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have been obtained from the following sources ; mouse, Brambell and Parkes 
(1927); rat, Long and Evans (1923); ferret, Robinson (1918), Hammond and 
Marshall (1930), Hill and Parkes (1930); rabbit, Walton and Hammond (1928); 
baboon, Zuckerman and Parkes (1931); pig, Comer (1921); oow, Hammond 
(1927). Other species might have been included if less accurate data had 
been accepted, especially by making the common assumption that the size of 
the ripe follicle is about four-fifths that of the fully developed corptis lutoum 
(Comer, 1923); but, on the whole, it seemed preferable to confine the discussion 
to the above species, wliich form a fairly representative bcKly-weight series. 

Size of Ovum ,—Among these seven species, data relating to the size of the 
follicle when the ovum becomes fully grown exist only for the mouse (Brambell, 
1928) and the baboon (Zuckerman and Parkes, 1931). (k>mparable figures 
have therefore been obtained for the rat, ferret, rabbit, and pig by the methods 
used by Brambell. The ovary of the cow was found to bo almost hopeless 
material lor the purpose, on account of the extraordinary lack of small follicles. 
Even calves' ovaries were found to contain too few normal small follicles to 
provide material for the statistical methods involved. Considerable variation 
occurs in the size of the ova, but Brambell was able to show that in the mouse 
the growth of the follicle to resting size falls into two phases. In the first of 
these, both the o\iim and follicle undergo coincident growth, whereas during 
the second and longer phase the ovum remains practically stationary in size, 
although the follicle is growing very considerably. In both of those two 
phases the size of the ovum bears a Ibear relation to the size of follicle, although 
in the second phase the increase in the size of the ovum is insignificant. The 
point of intersection of the two lines may thus bo said to give the size of the 
fully g ro w n ovum and the size of follicle at which its full development is 
attained. ^ 

Histological Technique ,—Preparation of the rat, rabbit, and ferret material 
presented no difficulty. Cow and pig, and afterwards calf ovaries, were fixed 
at the abattoir as soon as possible after the animals were slaughtered. Bouin’s 
fluid was employed as usual. Sections were cut at 7p. and stained in 
heematoxylin and eosin. 

For measuring the size of the ova and follicles, camera luoida drawings were 
made of the largest section of the ovum, and the mean of two diameters at 
right angles found. Smaller follicles were measured in the same manner, but 
in the case of larger ones a third diameter, arrived at by counting the number 
of sections, was included for finding the mean. Care was taken to exclude all 
foUkdes not definitely normal. 
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Methods ,—The points i^von by the moosurements were then 
plotted for each speoicH (with the exception of the cow, which, for reasons 
stated above, had to be omitted). It immediately l)eoame clear that in all 
four cases the initial growth of the ovum and follirjo was oharaoteristically of 
the type found by Brambell in the mouse, jind could, presumably, be dealt 
with by the same statistical means. These methods are doscrilxHl in BramboU’s 
paper, ^and need not be mentioned further here, except to say that the two 
phases are considered 8ei)arately. the size of the ovum in each being dealt 
with as a simple straight-line regression on size of follicle. As a result, an 
equation is obtained for the size of follicle and ovum in each pliase. * The 
significance of the regressions woa examined by BrumlHsll, who found that, 
while the increase in size of ovum during the first pliaae was highly signifiesant, 
the slight clmnge in size of tlie ovum during the second phase was entirely 
insignificant. Th(5 results given here for the rat, ferret, rabbit, and pig are 
completely comparable with tho.se found by Bruml)ell for the mouse ; in 
particular, grapliical representation shows that the rogresHions are clearly of 
the same order. It has been thought unnecessary, therefon*, to examine the 
significance of the regressions indicated by the furtlier equations given in the 
present paper. 

% 

III .—Size of Mature FoUieh*., aad> Body Wciyht of the 

In Table I, column 5, are given the sizes of the ripe follicle in the seven species 
considered ; these data are taken from the sourcos nu'ntioiuHl above. In 
column 1 are given the approximat-e weights of young adult fcinaloH of (lach 
species. Fig. 1, line A, shows the result given by plotting size of ripe follicle 


Table I.—Size of the Graafian Follicle at Various Slagi's of its Life-History. 


Speoiea. 

1. 

AppiuximHte 
weight uf 
yuuog Adult 
fei^e. 

2. 

Oiameter 

uf 

ovum. 

3. 

Diamotor of 
follicle 
when ovum 
fully 
grown. 

when : 

“i™": i ovnUtion. 

appt^arh. 


gm. 


P- 

M- 

mm. 

Moose . . 

2 X 10 

70 

125 

300 

0-6.5 

lUt. 

1-2 X 10* 

63 

160 

200 

O-ttO 

Ferret . 

6 X 10* 

108 

170 

230 

1-4 

RaWt. 

2 X 10* 

84 

146 

250 

1-8 

Beboon . 

1-2 X 10* 

83 

180 

31U 

60 

Pig. 

6 X 10* 

76 

300 

400 

80 

Oow . .. 

4 X 10* 

_ “ _ 



160 


VOL. 01X,~B. 




188 


A. S. Parkes. 


against the weight of the animal, using a logarithmio scale in both diteotaons. 
These seven points obviously give a close approxiniation to a straight line; 



Fiu. 1.—Size of ovum and foUiclo, and body weight in variouB apeoie*. 


certainly there is no regular indication of a curve. At the moment one is 
hardly justihed in putting a straight line through the points, but if further 
data, as they hwioine available, indicate the same tendency, it will be possible 
to calculate the regression of size of ripe follicle on weight of the species. On 
the other hand, subsequent information may be quite contradictory ; there is 
some evidence, for instance, that the mature follicle of the hoifie is far larger 
than would be suggested by the tendency of the points given on the graph. 

Assuming, provisionally, that the points are falling about a straight line, 
certain deductions may be made. At the lower extreme small mammals, such 
os the l^piatrelle Ijat, should have a ripe follicle about 0*3 mm. in diameter, 
while at the upper extreme the ripe follicle of the whale should be about 
6 cm. in diameter. Both of these estimates agree fairly well with what can be 
ascertained about the follicles in these mammals. It is highly dgnifioant 
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that the aizee of the ripe follioles of the two monotooouB species (baboon and 
cow) fall so closely on the line given by the polytocoos species. In other words, 
the size at which the follicle ovulates is not aifected by the number produced 
in the ovary at one time. Another point of interest is the fact that the seven 
species dealt with cover a wide zoological range : three Kodentia, one Carnivora, 
two Ungulata and one Primate. 

In fig. 1 the diameter of the follicle is plotted against the weight of the 
animal. The proper course would obviously be to plot the volume of the 
follicle, BO that some approximation to mass of follicle against moss of animal 
would be achieved. Actually, however, retaining the double log. scale, the 
conversion of the diameters to volumes would not alter the straight line relation¬ 
ship, although the slope of the line would, of course, be much steeper.* Con¬ 
version to volumes would, however, make it difficult or impossible to show the 
other lines (size of ovum, etc.) on the same diagram,f and the diameter measure¬ 
ment is, therefore, retaineil. The linear relation of the diameter on double 
log. paper implies that on an ordinary scale they would fall on a gradually 
flattening curve, but it is clearly necessary that more material should be 
available before further discussion is of value. 

IV.— Initial Ofmjoih of the Chmm and FoUide, 

Whatever the precise relationship may be between the size of the mature 
follicle and the weight of the species of animal, it is necessary to consider what 
function can be served by the relatively enormous follicles of the larger 
mammals. Brambell showed conclusively that oven in the mouse the later 
development of the follicle was not connected with the nutritive requirements 
of the ovum, and a similar condition has also been found in the baboon. 
In figs. 2-6 new data are presented for four other species; i.^., rat, ferret, 
rabbit and pig. In all these instances the same two characteristic phases 
occur in the early life history of the ovum and follicle; (o) an early phase 
during which the ovum g^ws, and the follicular epithelium, though solid, 
proliferates (line a on the diagrams); (b) a later phase, during which the size 
of ovum is practically stationary, though the follicle continues to develop, 
obtains an antrum and finally proceeds to maturity (line b on the diagrams). 
A summary of the data shown in these diagrams, together with the approximate 

* Cubes plotted against their mots fall on a straight line on double logarithmio paper. 

^ In the oow, the volame of the ovum is about l/S-millionth of the volumo of the 
ripe faUioJe. To cover a range of this magnitude (even on a log. scale) would neoessiUte 
A thftt All would bo loot on lopfodnotion* 

p 2 



100 A. S. Farkes. 

size of tlie follicle when the antrum appears, is given in*Table I, columns 2,3, 4 
and TaUe II. 

Table II.—^Equations for the Size of Ovum (y) in relation to Size of Follicle (j;) 
in the Bat, Ferret, Rabbit and Fig. 


1 

f^podeo. 

j Equation. 

Phase a. 

Phase 6. 

1 

Rat 

y ^ 17*73-h 0*2861 x 

y =- 03*11 + 0 0017Z 

Forwt 

y ^ 9'22 + 0-5S48Z 

y ^ 108*37 -0 0030Z 

Rabbit . 

y= Ifil3-h0-4730z 

y z= 82*38 + O OlOSz 

Pig . . 

y «= 36*22 + 0-13S2Z 

y -= 74*05 4 0'004ez 


The corresponding data for the mouHc and baboon are recorded elsewhere 
(Brambcll, 1928 ; Zuckerman and Farkes, 1931). 

When the values given in Table I, columns 2, 3 and 4, are plotted according 
to weight of species, for comparison with the size of ripe follicle, it is seen that:— 

(a) The actual size attained by the ovum (fig. 1, line D) has no correlation 
with the body weight of the species or with the ultimate size attained 
by the follicle. Nor does the size of the fully grown ovum determine the 
size of the follicle when the ovum becomes full size. The largest egg 
in this scries is actually that of the ferret. 

(b) The size of follicle when the ovum becomes fully grown (fig. 1, lino C), 

shows some species variation, a slight increase being found in the larger 
mammals. Thus, in the pig the follicle is about 3(X)|z in diameter when 
the ovum becomes fully grown, compared with a corresponding figure 
of 125[i for the mouse. On the other hand, the diameter of the ripe 
follicle of the pig is about 15 times that of the mouse, so that the size 
of the ripe follicle is not conditioned by the requirements of the ovum. 

(o) The size of the follicle when the antrum appears is rather variable, even 
in one ovary, but the figures given in Table 1 represent in each case the 
diameter of the smallest follicle observed with a definite antrum. In 
all cases (fig. 1, line B), the size is just above that at which the 
ovum becomes fully grown. A alight increase in the larger species 
is also found-. It is difficult to see why the follicles of the larger mam¬ 
mals, not having larger ova, should be regularly, though slightly, larger 
at the time when (i) the ovum is fully grown, and (ii) the antrum appears. 
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If one accepts the usual assumption that the follicles of Eutherian mammals 
ultimately develop an antrum, then in these animals the size of the 
mature follicle cannot be less than the size at which the antrum apjH'ars. If 
the points constituting lines A and B in fig. 1 ur(‘ iiasumed to fall about straight 
lines, then it is clear that the two lines would intersect if projected backwards. 
The place of intn^rscctioii would reprewuit the point at which the follicle was 
mature as soon as the antrum appeared, i.e., would indicate the smallest follicle 
compatible with the definition of a mammalian follicle. The interfw'ction of the 
lines would take place over a point on the base li?)e representing a IxxJy weight 
of 2-3 grn. This weight therefore represents the smallest mamma] which 
could have a true Graafian follicle. Actually, the smallest knowji mammals 
apjx'ar to be Microsorex s/s of North America, weighing about 2-5 gm. 

Characteristics of the Initial GroiVtJi of the (kmni and Follicle in Various Species, 
—Various conclusions relating to the comparative features of the initial growth 
of the ovxiin and follicle may be drawn from figs. 2-5, together with the data 
for the mouse and the })aboon already mimtionerJ. The (a) lines in figs. 2- 5, if 
projected, would in all cases meet the side line ; in other words, this ovum, a 
part of the follicle, would have a definite size befon* the follicle existed. Thus, 
the early growth of the ovum can not be represented by an extension 
of the a line. The discrepancy is due to the fact that during the initial growth 
of the ovum, there is uo measurable amount of epithelium round it. i.e., the 
size of the ovum is the same as the t^t^l size of the follicle. The growth of the 
ovum, under these conditions, is show n in figs. 2 5 by the dotted line. The point 
of intersectiou of this dotted Une with the a line gives the point at which 
the size of the whole follicle begins to get larger than that of the ovum, i.e., the 
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point at which the ovum begins to acquire a measurable amount of follicular 
epithelium. For ease of comparison, the a Hnes of figs. SWS, together with those 
of the mouse and baboon, ore reproduced, all to the sainc scale, in fig. 6, the 



Diamotor of foUioJo, \k, 

Fio. 6.—Oompantive giowth of the ovum in varioua aiwcien of mammaJa. 

dotted line again representing the initial growth of the ovum without epithti- 
lium. From this diagram it is evident that the ovum of the mouse begins to 
acquire appreciable epithelium very early, at about while the pig ovum 
becomes much larger, a little over 40p, before reaching a similar stage. The 
ova of the rabbit and the rat are about 30 p., and of the l>aboon and ferret 
about 26p, before measurable epithelium appears. 

Measured in terms of the sixe of follicle, the ovum of the ferret grows fastest 
and the pig slowest, the mouse, rabbit, baboon and rat falling in that order 
intermediately. This order differs, of course, from that given by ** size of 
follicle when ovum fully grown,” which is a product of (a) rate of growth of 
ovum, and (6) final sire of ovum. 

It is not possible to estimate directly the actual time taken by the follicle 
to reach its various phases of growth, V)ut the comparative paucity, in all six 
species, of follicles immediately above the size at which the ovum becomes 
fully grown, suggests that a period of unusually rapid growth occurs at this 
time. 
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V.— Diac^ission, 

The facts recorded above indicate a very general applicability of Brambell’s 
conclusion for the mouse, that the growth of the ovum is completed very early 
in the life-history of the follicle, and that the whole of the subsequent growth 
must therefore take place to facilitate some other function than the actual 
nutrition of the ovum. In the larger mammals, in spite of the fact that the 
follicle is rather larger by the time the ovum has reached full size, the sub¬ 
sequent growth of the follicle is proportionately much greater than in the 
mouse. The ratios of “ size of follicle when ovum fully grown *' to size of 
mature follicle are as follows :—^mouse, 1 : 4*4 ; mt, 1 : 5*6 ; ferret, 1 : 8-2 ; 
rabbit, 1 :12*4 ; baboon, 1 ; 33-3 ; pig, 1 : 26-6. Brambell's conclusion is 
thus not merely confirmed by these data, it is greatly strengthened. 

Two inter-ndated problems arise out of this investigation:—(a) Brambell’s 
original problem, oecentuated by the additional iufonnation for other species, 
as to the purpose of the second phase of follicular growth, and (6) why this 
second phase should be so exaggerated in the larger mammals. Certain con¬ 
siderations relating to the first have been discussed by Brambell, but some 
additional points raisetl by tjie extension of the data and relevant to the 
second problem, may be mentioncHl: - 

(а) The actual mechanical pressure necessary to cause rupture can clearly be 

attained in quite small follicles (e.//. mouse), so from this point of view 
larger follicles {€,g. the cow) would not be required. It is, however, 
necessary to consider the mechanical problem of attaining a position 
from which ovulation can take place. In some animals the maturing 
follicle actually comes to the surface of the ovary partly as a result of 
its distention. In all cases the distention prcsiunably attenuates the 
peripheral ovarian tissues to the extent required to permit of their being 
ruptured at ovulation. In animals such as the baboon, with a thick 
fibrous tunica, this preliminary attenuation must be very necessary. 
In all mammals possessing large ovaries, very considerable difficulty 
would be experienced by the follicle in reaching a strategic position 
fur ovulation, without the distention occurring during maturation. 

(б) It is not probable that the larger follicle found in the larger mRYnmals 

contributes much to the greater enstrin production required. In an 
animal like the baboon, the actual total amount of granulosa present 
in the follicle increases oomparatively little during maturation. The 
increased size of the follicle is due mainly to the increase of liquor 
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foUiouIi. The same ia almoat certainly true of the other large mammals. 
In any case, the follicular granulosa is not the only possible source of 
OBstrin in the ovary. On the other hand, it is quite reasonable to suppose 
that the larger mammals require a much larger corpus luteum than the 
small mammals, and a large cavity formed by the ruptured follicle 
offers the best facilities for the rapid development of a large corpus 
luteum. 

(c) It was pointed out by Brambell that the liquor folliculi liberated at ovu¬ 
lation must play some part in washing the ovum into the Fallopian 
tube. In the large mammals, lacking the complete ovarian capsule 
found in the mouse, the ovum may Ik; dependent upon the liquor 
folliculi for being washed intf» and down the mouth of the tube, and 
the large liquor content of the mature follicle may be essential from 
this point alone. 

It is a pleasure to express my thanks to Professor F. W. Ilogers Brambell for 
his advice and assistance. 

Expenses were defrayed from a grant from the Foulorton Committee of the 
Royal Society. 

VT. Summary. 

(1) This paper deals with the size of the mature Qraafian follicle in various 
species and its correlation with the body weight of the species. The initial 
growth of the ovum and follicle in the rat, ferret, rabbit and pig is also dealt 
with (following up Brambeirs work on the mouse). 

(2) The relation between the size of mature follicle and the body weight of 
the animal is examined in the mouse, rat, ferret, rabbit, baboon, pig and cow. 
In this series, the size of ripe follicle varies from 0-55 mm. in the mouse to 
15 mm. in the cow, while the corresponding body weights range from 2 X 10 
gm. to 4 X 10® gm. The diameter of the ripe follicle plotted on double log. 
paper against the weight of the species falls on a close approximation to a 
straight line. 

(3) The size of the follicle, when the ovum has become fully grown, is slightly 
greater in the larger mammals than in the smaller, but in all cases the growth 
of the ovum is completed at a very early stage in the life history of the follicle. 
The ratio of the size of the fcdlicle when the ovum is fully grown to the size of 
mature follicle decreases considerably in the larger mammals, being : mouse, 
1:4-4: rat, 1:6-6; ferret, 1:8-2; rabbit, 1:12-4; baboon, 1:33-3; 
pig, 1:26-6. 
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(4) The flixe of the mature follicle is thiu not conditioned by the reqaiiementa 
of the ovum. The significanoe of the large size of the mature follicle, especially 
in the larger mammals, is discussed. 
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[Platzs 10-21.] 

I. Introduction. 

Evidence as to the precise idle of the oorpos luteum during ptegnanoy is 
contradictory, especially when difiwent spedes are compared. Most observers* 
agree that the presence of the corpus luteum is necessary during the early 
stages of gestation. During the second half of pregnani^, however,the removal 

* No attempt is m ad e here even to summarise mase of especimssital work on this 
Bobjeot ! lot farther referenoee eee Muehall (1922) and PSrkee (1029) 
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of the corpuB luteum in certain animalg does not lead to immediate abortion. 
In the guinea-pig Loeb and Hesselberg (1917), Herrick (1928) and Courrier, 
Kehl and Raynaud (1929) have found that pregnancy may continue for some 
weeks after double ovariectomy, and Ash-Upmark (1926) has listed a large 
number of clinical cases in which ovariectomy in women has not disturbed 
pregnancy. The evidence for the rabbit (summarised by Hammond, 1925), 
is slightly contradictory, but tends to show that the corpus luteiun is necessary 
during the whole of pregnancy, although this was not the conclusion of Niskou- 
bina (1909). In the rat it appears that double ovariectomy towards the end of 
pregnancy does not always result in its premature termination (Marshall and 
Jolly, 1906). More definite information is available for the mouse (Harris, 
1027; Parkes, 1928), where the presence of tho corpus luteum is essential 
during the whole of gestation. 

A review of this evidence suggests that there are marked species differences, 
the corpus luteum being necessary during the whole of pregnancy in some 
mammals, but not in all. The experiments of Allen and Comer (1929) make it 
evident that a true hormone effect is involved, though apparently they have 
not yet determined the required duration of luteal activity in pregnancy. 

Another line of investigation is provided by histological examination of the 
corpora lutea at various stages of pregnancy to ascertain the time of onset of 
degenerative changes. In most corpora lutea definite regressive histological 
changes can be distinguished at parturition, or, in the unmated animal, at the 
time of the next ovulation. The regression occurs in certain animals some 
time before the luteal phase of the cycle is definitely terminated (references in 
Deanesly, 1930) and it might be inferred that in these cases corpus luteum 
activity had ceased. The difiiculty lies in assessing the functional significance 
of the degenerative histological changes in their initial stages; they may 
indicate complete cessation or merely slowing down of the secretory activity 
of the lutein cells. In either case the effect on other organs of the body, such 
as the uterus, will depend on the latent period, tho threshold value and the 
possibility of storage of the luteal hormone. 

Progress in the estimation of the functional activity of the corpus luteum 
from its histological appearance has also been retarded hitherto by the absence 
of dearly defined criteria of regression and by the varying histological methods 
used. As regards the former it has been usual to consider an accumulation of 
histologioally stainable fats and lipoids in the lutein cells (especially those shown 
after acid fixation), as a mark of regression, but a study of corpora lutea 
belonging to different species suggests that this view needs qualification. In 
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some animals fats and lipoids fill the lutein cells during the early stages of 
pregzmnoy and have almost disappeared from them at the time of parturition. 
The contradiction is only an apparent one ; in all corpora lutea of pregnancy 
so far examined the fatty cell inclusions fluctuate for a while, then reach a 
well-marked maximum and finally decline. The evidence indicates that the 
maximum fatty phase coincides approximately with the regression of the corpus 
luteum, but it may occur half way through pregnancy, as in the rabbit, or 
shortly after parturition, as in the mouse and guinea pig. Owing to the 
variation between diilcrent species in the amount of lutein cell fat reacting to 
osmio acid during the early stages of pregnancy, the nature of the fat granula¬ 
tion is a better index to the functional value of the corpus luteum than its 
quantity; in older corpora lutea the granulation becomes more coarse and 
irregular. A definite and reliable characteristic of corpus luteum regression 
is, of course, the slowing down of the vasoularisation and the shrinkage of the 
lutein cells and their nuclei, but where this process begins before parturition 
it is gradual, and, allowing for normal variation among the corpora lutea, its 
exact time of onset cannot always be clearly distinguished. The degeneration 
of the corpus luteum at the end of pregnancy has been held to be a factor 
producing parturition, but it is possible that the same over-ruling cause brings 
about both results. 

A biochemical study of the relation of the lipoids to physiological activity 
in the corpus luteum of the sow has been oarried out by Bloor, Okey and Comer 
(1930). Qoormaghtigh (1927) has discussed the histochemistry of lutein cell 
f&tu and lipoids and their relation to the secretory product. The present 
work includes an inquiry into the functional significance of the histological 
changes which take place in the corpus luteum of pregnancy, and not into their 
actual nature. 

Corpus luteum function may be investigated by a third method, recently 
elaborated—the study of the changes during pregnancy in the endometrium 
of a uterine horn rendered sterile by salpingectomy or unilateral ovariectomy. 
It is generally agreed that the corpus luteum is responsible for the early pro¬ 
gestational growth in the endometrium. The subsequent changes in the 
andometrium in a region undisturbed by feetuses, but under the same hormonal 
influences es the pregnant part of the uterus, may be considered diagnostic of 
the activity and duration of the luteal secretion, provided that the endometrium 
is capable of prolonged response. Gourrier and Eahl (1929) and Enaua (1930) 
have shown that in the rabbit the progestational oaodition of the sterile horn 
does not persist li^t through pregnancy. Degeneraticm sets in at about 
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16 days p,o.» namely, at about the same time as in pseudo-pregnancy, though 
the actual degeneration is slightly slower in the sterile horn. On this evidence^ 
therefore, the rabbit corpus luteum would appear to cease functioning about 
hali-way through pregnancy. 

Oourrier and Kehl (1930, a) have claimed, however, that the endometrium 
was incapable of maintaining the progestational condition for more than 
14 to 16 days, even when subjected to the action of relays of artificially pro¬ 
duced corpora lutea. These results, if correct, would invalidate the evidence 
as to the duration of lutein activity obtained from the sterile horn, but they 
are in contradiction to those of a similar experiment already reported (Parkes, 
1929, 6). Further data, to be recorded elsewhere, have shown that under 
C/ertain conditions the duration of the progestational condition of the sterile 
horn may be prolonged by the presence of a second sot of corpora lutca, but that 
the reaction is not constant. 

Less is known of the changes occurring during pregnancy in the sterile horn 
of other animals, though some information is available for the ferret (Hammond 
and Marshall, 1930) and the marsupial Bettongia (Flynn, 1930). For the work 
described in this paper the mouse, rat and guinea-pig were studied in addition 
to the rabbit, and an attempt was made to correlate the uterine evidence of 
duration of luteal activity with the histological appearance of the corpora 
lutea. 

11. MfUerial and Technique. 

Unilateral sterility of the uterus was produced as a routine by left salpingec¬ 
tomy, the animals being mated as soon as practicable after the operation. 
The uteri were fixed in Bouin’s fluid, and tho sections stained in Ehrlich’s 
hsematoxylin. One or two specimens of sterile cornua in mice were obtained 
from the unilateral X-irradiations previously described (Parkes, 1928). 

The histological technique for the ovaries and corpora lutea has been described 
elsewhere (Deanesly, 1930). Flemming’s, Cioccio’s and Bouin’s fixatives 
were used, and sections cut at 7 p. The first two fixatives preserved fat and 
lipoid cell inclusions; the osmic acid in Flemming is said to blacken olein and 
oleic acid and mixtures containing a sufficient amount of these substances, 
while, with Ciaccio’s method for lipoids, mixtures of cholesterol and neutral 
fats can be stained, and also certain phosphatids including lecithins. 

An expression for the size of the corpora lutea was obtained, as before, by 
measuring two diameters at right angles to each other across the lai^est section 
of each corpus luteum! The measurements for mice (Deanosly, 1930) represent 
the average of several corpora lutea belonging to a single ovulation, but thdse 
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for the rabbit and guinea-pig repreaent the largest corpora lutea maasnxed 
from each animal; as such they can only have an approximate value, owing 
to normal variation. An apparent inorease or decrease in corpus Inteum 
diameter was checked, however, by direct comparison of the lutein cells at the 
two stages. In older oarpora lutea there may be a certain amount of flattening 
so that the mean diameter may be less aoourate in proportion to the true size 
of the corpus luteum than in recent ones. 

III. TAe RabbU. 

Changes in the Sterile Horn during Pregnaneg .—Seven spedmens ate available 
of the sterile horn of the rabbit, ranging from the sixteenth to the twenty- 
eighth day of pregnancy. l>uring this time the condition of the endometrium 
is exactly comparable to that described by Gourrier and Eehl (1930, a) and 
Knaus (1930), and also found by Hammond. At sixteen days the mucosa 
still shows the typical pseudo-pregnant condition, but signs of degeneration ate 
beginning to appear. At 19 to 20 days pregnant the stroma is mote compact 
and the glands are less obvious, but no ddbris is seen in the lumen. Both speci¬ 
mens taken at 23 days pregnant show a greater departure from the pseudo¬ 
pregnant condition, having a more compact stroma and less extensive glands. 
UPR 6 shows an abundance of multinuoleate giant cells or syncytial masses 
free in the lumen; these are clearly conglomeration products of the cells which 
may be observed sloughing off from the epithelium (Plate 21, figs. 10 and 11). 
In UPR 1, however, there appears to be neither the tjrpical pseudo-pregnant 
growth nor the desquamation of cells into the lumen which charaoterises the 
later stages of the breakdown in the sterile horn. A study of this specimen in 
conjunction with the corresponding corpus luteum suggests that the degenera¬ 
tion of the endometrium has already been completed in this animal. In other 
rabbits the process is continuing at 26 to 28 days pregnant. The stroma becomes 
more compact as the glands shrink and degenerate, the superfloial layers being 
removed by sloughing. There is no desquamation of strips of tissue, but cells 
break away singly or in small groups. At 26 to 28 days pregnant very large 
giant cells are found in the lumen, up to 40 in diameter. The necrotic 
tissue surrounding the lumen can be plainly distingoished; apparently all 
u cleared away before the regeneration process preceding the next osstms 
begins. At 28 days the sloughing is complete in some areas. No hmnotxhage 
has been observed in the sterile hom at any stage ci the IWeakdown of the 
endometrium; the folds of the latter ate often very vasoolar, but no signs of 
hnmatomata in the tissues or of bleeding into the lumen wero found. 
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Table I.—Changes in the Sterile Horn of the Pregnant Babbit. 


No. of 
nbUt. 1 

Day« 

1 pregnant. ' 

1 

Dfamstor of 1 
corpus Inteam. 

Condition of sterile liom. 

UPB3 

16 

mm. 

2'78 

1 

' Pregestational endometrlmn showing signs of de- 

CPR6 

I 10 

— 

generation. 

Stroma more compact, glands decreasing In slie and 

UPB4 

: 20 

2i3 

complexi^. 

Similar to UPR 6. 

UPBl 

i 28 

2-80 

Glands stoaUer; no cells sloughing off Into lumen; 

UPR 5 

23 

2*90 

degeneration may be complete. 

Lai^ number of oells sloughing off Into Inmen ; no 

UPR 8 

26 

2*41 

apparent hjemorrhage. 

UPR 2 

26 

2-66 

Stroma oumpact ; much sloughing. 

UPR 7 

28 

— 

Stroma compact axul very vascular. Sloughing 

1 



complete in placea and pru-oaatrous regeneration of 
the epithelium beginning. 


Courrier and Kehl (1930, 6) found that although deciduomata could be 
induced in the sterile horn of the rabbit at ft, 6 and 8 da;|^ pregnant, they 
oould not be induced at 12, 15 and 20 days pregnant, as might be expected 
from the degenerating condition of the endometrium. 

The Histology of the Corptis Luluem .—Table I gives some idea of the size of 
older corpora lutea in the rabbit. As previous workers (Niskoubina, 1909, 
etc.) have observed, there is a change in the vasoularisation of the corpus 
luteum soon after mid-pregnancy; it no longer appears pink on the surface 
of the ovary, but tends to become pale and partially collapsed. The change 
in colour may be due in part to a thickening of the stroma and germinal 
epithelium over the surface. Allowing for normal variation in the size of the 
corpora lutea and for a slight decrease attributable to the slowing down of the 
vascularisation, it seems that they persist almost at their maximum mtil 
just before parturition. Only UPR 2 (26 days) and SM 10, a late undated 
pregnancy, showed clear indications of cell shrinkage. 

At 8 days after copulation, when the egg is becoming implanted, the lutein 
cells have nearly reached their full size, and the corpus luteum diameter in 
BM 9 is 2*67 mm. Sections through it show a uniform distribution of 
osmicated fat granules; lipoids are moderately plentiful in the outer part 
of the corpus luteum, but less deeply staining in the inner region. 

At nearly 14 days after copulation the corpus luteum measures 2-9 mm. 
It has not yet declined from themaximum size, but it shows a striking difEerenoe 
from the preceding ones after Flemming fixation; the fats blackening with 
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osmio add are now reBtricted to a wide exterior zone and are absent from the 
mote deeply lying parts of the corpus luteum (Plate 20, fig. 7). The lipoids, 
stained by Ciacdo’e method, show a similar distribution, but the tiansitioii 
between outer and inner regions is gradual, and there is no conspicuous change 
from the 8-day stage. 

The gradual restriction of osmicated fatty substance to a decreasing peri¬ 
pheral zone could be traced in all but one of the seven later pregnancy corpora 
lutea examined ; the exception was UPR 6, where such fats persisted through¬ 
out the corpus luteum. They tended to become progressively heavier and 
more coarsely and irregularly granulated in the later pregnancies. The 
series is not perfectly regular since UPR 8 (26 days pregnant) still retains a 
larger amount of osmicated fat than some curlier stages, but the general 
tendency is unmistakable. A similar peripheral zoning of the darker staining 
lipoids can be seen using Giaccio’s method. Frozen sections through corpora 
lutea showed that although fat was present in all the cells, yet darker staining 
substances occurred in the outer rim, so that the latter cannot be regarded 
as a histological artifact. 

It may bo provisionally suggested that this gradual restriction of certain 
fatty substances to the edge of the corpus luteum is connected with the decrease 
of the vascular supply, although, from sections, it cannot be clearly determined 
whether the blood supply is longest mamtained among the exterior cells, which 
apparently continue to elaborate or store the deeply staining fats and lipoids. 
The heavier deposits of those substances in the zone where they persist suggest 
that the rate of excretion has fallen off. In UPR 6 (23 days pregnant) the 
corpora lutea were large and apparently well vascularised, and heavy deposits 
of osmicated (at were present in all the cells (Plate 20, fig. 8). Since ceil 
sloughing is in progress in the sterile horn of the corresponding uterus, it noay 
be inferred that the functional activity of the corpus luteum has waned, and 
that the abundance of fats, in contrast to other corpora lutea of a similar 
age, is due to absence of excretion or a difference in their composition, and not 
to hyperactivity of the lutein cells. 

In the rabbit, therefore, where the lutein cells at their functional period 
contain osmicated fats, the histological changes suggest that the secretory 
activity of the corpus luteum declines from about the middle of pregnancy, 
although a reduced activity may continue during the last 2 weeks, the rate of 
regression varying somewhat in different animals. A similar histological 
change appears to take place in the corpus luteum of pregnanoy of the oat, 
but insufficient material is available to show when it oceum. 



203 


FmctioM of Corpus Luteum. 

A compariBon of the condition of the corpora lutea with that of the sterile 
uterine cornua of the five rabbits in which both were studied, UPR 1 to 6, 
shows a (airly definite correspondence between the two. The progestational 
endometrium pretu^ute signs of degeneration in UPR 3 where osmioatod fat is 
restricted to a broad outer zone of the corpus luteum, and further degeneration 
in UPR 4, when the fatty area of the section has again contracted. In UPR 1, 
2 and 4 the fatty area is of about the same extent, but the granulation is most 
regular in UPR 4 and least so in UPR 1. It seems probable that degeneration 
bad occurr*!(] earliest in the latter, where the uterine glands were small and the 
slougliing pr<K*eaa probably complete. 

Corpora lutea bitiiologioally similar to those of the lost half of pregnancy 
were found in an ovary from a non-pregnant rabbit 18 hours after (!opulation, 
ruptured follicles being also present. From this it may be deduced that the 
former type of corpora lutea ore no longer functional. 

IV. The Mourn, 

Changes in the Sterile Horn during Pregnancy .—In the rabbit, it is clcjar that 
the changes in the sterile horn during the second half of pregnancy arc associated 
merely with the destruction of the previous progoatetioual growth of the 
endonu‘triiim. A diflorent condition is foinid in tlie mouse ; during the second 
half of pregnancy the endometrium takes on a new character. For the first 
10 days of pregnancy the development of the sterile horn is similar to that of 
the uterus in pseudo-pregnancy, following sterile copulation; moreover, this 
phase lasts about the same time in the two cases. Regression and return to 
the pro-oestrous condition then supervenes immediately in the pseudo- 
pregnant mouse, but in the sterile horn of the pregnant animal an entirely 
fresh phase of development has begun by tho 13th rlay. This consists in an 
increase of the stromal glands, till they may be as large as 280 (x in diameter ; 
where many glands occur together the uterine lumen may bo partially blocked. 
Tho epithelial lining of the glands appeared very stretched and attenuated, 
and in some instances almost obliterated; in the sections examined the 
absence of any obvious secretion in the glands made it difficult to attribute 
the distention to any particular cause. Tho condition might almost have been 
considered pathological had not glands of this type been present in the sterile 
cornua of all five mice kiUed between 13 days pregnant and term. The material 
available is summarised in Table II. 
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Table II.—Changea in the Sterile Horn and Growth of the CoipiiB Luteam 

in the Pregnant Mouse. 


No, of 
moaae. 

iMyi) 

pregnant. 

CorpM lumon 
diaiooter. 

Condition of iteille horn. 

ucpn 

H 

/* 

602 

Ab in Blmilar stago of pseudo-prognanoy. 

HM 62 


670* 


UCP9 


810* 

•« *• 

UCP7 


976* 

Kxuofdvo deveJoranent of glamU beghming. 

Large glande well estabjielied. 

UOP8 

16 

966* 

UCP2 1 

17 

— 

Large glands ; stroma very oongosted. 

UOP 1 

18 

082* 

labrge glands ; hjemorrbage into stroma. 

HM47 

18 

— 

ft «« t* 

UCPfl 

0 d»y 

pust-pAcfum 

864* 

elands and stroma uiuiorgoiiig degoneratiim i no 
hflemorrhago into lumon. 

UCP3 

1 day 

post-partum 

732 

Ab UCP 6. 

UCP4 

2 ^ys 
pnat-partum 

816* 

Uterus letnmiog to normal. 


* Mean diametor of pregnancy oorpura lutoa in other ovariea at the aame stage. 


By the 17th day of pregnancy the glands in the mucosa of the sterile horn 
are relatively enormous, and the stroma intensely congested (Plate 19, %. 2). 
At 18 days the glands show littlo change, but numerous red blood corpuscles 
are present in the stroma, especially under tho epithelium; in places they are 
so niunerons as to constitute hsematomata (Plate 21, fig. 12). The process is 
a greatly exaggerated replica of that terminating pseudo-pregnancy in tho 
mouse when, owing to congestion, slight bleeding may take place into tho 
stroma. In many ways the condition resembles that of the pre-monstrual 
Primate uterus, but although a certain amount of tissue destruction takes 
place during the subsequent return of the mouse endometrium to normal, only 
very slight heemorrhage into the lumen was observed. To judge from the 
presept material the reaction of tho uterus during the immediate post-partum 
OBStrus is very slight. 

If it be assumed for the present, in the absence of contrary evidence, that 
the Secondary uterine changes during pregnancy ate not due to foetal or placental 
activity, then, in the mouse they suggest most strongly that luteal activity 
is continued until about the 17tb day—a conclusion in complete agreement 
with previous work on removal of the corpus luteum during pregnanoy (Padtea, 
1928). 

The Corpus Luteum oj Prtgnemey and Lactation .—^The mouse oorpna luteum 
baa been described in detail eLsewhete (Deanesly, 1980). Ihiring the first 
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8 or 9 days it ia no larfi^ than the corpus luteum of pseudo-pregnancy, its 
mean diameter being between 600 p and 700 p. Between the 9th and I3th 
days the lutein cells undergo great enlargement and the mean diameter of the 
corpus luteum rises to 900 |x-1000 (x and remains at that level until parturition. 
The fat and lipoid content of the lutein cells fluctuates during pregnancy, but 
is scanty in comparison with that of other rodents. After parturition the fats 
increase and the cells shrink and become disorganised. 

The histological indications of corpus luteum function during pregnancy are 
in close agreemont with the experimental evidence, since (1) during the flrat 
part of pregnancy the corpus luteum does not appear larger or more active than 
that of pseudo-pregnancy and the extent of tlcvelopment of the. uterine glands 
is approximately the same; (2) during mid-prognancy, at a time when the 
embryos arc growing rapidly, the corpus luteum oularges and its enlargement 
is followed by a new phase of growth of the uterine glands ; and (3) the corpus 
luteum shows no histological signs of degeneration until just before parturition 
and experiment has shown that it is necessary for the maintenance of pregnancy 
up to this time. Corpora lutea of lactation were examined in 11 mice and have 
been described elsewhere; six of these mice were killed between 12 and 39 
days post-partum. In the last two of these a fresh ovulation had occurred, 
but in the other four the follicles showed no sign of pro-cestrous enlargement. 
In these ovaries the corpora lutea of lactation were all in early or late stages of 
histological degeneration, and it was concluded tliat they wen; not functionally 
active. 

The Uterine Changes during Lactation .—^It is well known that, following the 
cBStrus which occurs al>out 18 hours after parturition, there is no further 
oSBtrus in the lactating mouse for at least 3 wijeks (Parkes, 1926 ; Crewe and 
Mirskaia, 1930). Removal of tlie young at atiy time during lactation results 
in the appearance of costrus within 2 to 4 days. These facts ore usually attri¬ 
buted to the iofluenco of suckling on the corpus luteum formed at the pewt- 
partum cBstrus ; the latter is held to persist and function during lactation and 
atrophy at about 3 weeks }>ost-partum, or when the young are prematurely 
removed. Although the corpus luteum of lactation may long persist, evidence 
that it is actively functioning during the whole of this time is not strong. 
During the first part of lactation there is good reason to suppose that it is as 
functional as during pseudo-pregnancy or the first part of pregnancy (Parkes, 
1929, a). There is little or no evidence, however, that during the second half 
of Uotation it functions in any capacity. 

The work described above on the sterile cornu of the pregnant mouse shows 
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okarly the lesponse of the endometrium to luteal activity prolonged past the 
ordinary duration of pseudo-pregnancy. No such response is found during the 
second half of lactation. Our observations on thirteen animals show quite 
deSnitely that while there is some approach to the pseudo-pregnant condition 
daring most of lactation, the uterus does not assume the extraordinary 
glandular condition found in the sterile horn in the second half of pregnancy. 
Only one animal of the six killed after the 12th day of lactation shows any 
approach to the super-pseudo-pregnant ” condition ; this was killed on the 
24th day of lactation. The others, as well as the seven obtained during the 
earlier part of lactation, exhibit only a poorly developed pseudo-pregnant 
condition. The size of the uteri was much bolow normal. 

The condition of the uterus indicates clearly that the luteal activity during 
lactation is different in kind or duration from thtit in pregnancy. It is doubtful 
to what extent, if any, the persistent corpus luteum in the mouse is functional 
during the second haU of lactation. It may become necessary to postulate 
that the absence of ovulation in this second period is due not to the persistence 
of a luteal phase but to a lactation anoestrus," such as is found in the rabbit, 
ferret and many Primates (Zuckermon, 1931). 

V. The Rat. 

Changes in the Sterile Horn during Pregnancy .—In view of the striking 
similarity in the reproductive processes of the two animals, it was thought 
desirable to ascertain whether the extraordinary development of the sterile 
horn m the mouse had any parallel in the rat. Material was obtained from the 
latter animal at 14, 19 and 21 days pregnant. No very obvious differences 
between the three specimens were seen; there was no sign whatever of the 
strange glandular condition found in the mouse. The 14 and 19-day stages 
had a large uterine lumen with convoluted outline and thick epithelium with 
numerous small, ahuost solid glands—a condition reminiscent of that of pseudo- 
piegnancy. The 21-day stage had a shallower epithelium and fewer of the 
small glands. 

The material available is insufficient to show the exact nature of the changes 
occurring in the sterile horn of the rat during the second half of pregnancy and 
their relation to the pseudo-pregnant condition, but it is evident that they 
differ greatly from those in the mouse. 

The Corpus Luteum of Pregnancy.—The cotresponding rat ovaries were 
inadequate in number for a study of the corpus luteum of pregnancy in this 
animal. According to Long and Evans’ memoir (1922) it is simjlar in type 
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to that of the mouse, and iu section shom an accumulation of osmioatcd fat 
just before and after parturition. It continues to grow after the 10th day of 
pregnancy ; in the ovary examined it had not reached its full sue at 14 days 
pregnant, its diameter being 1*62 mm. In the 19 and 21-day stages when the 
diameters measured 2 mm. and 1 * 67 mm. respectively, the corpus luteum in 
seotioD appeared to be losing fat, so that possibly it ceases to function slightly 
earlier in pregnancy than that of the mouse. 

VI. The Guinea-fig, 

Changes in the Sterile Horn during Pregnancy, —It was thouglit tliat examina¬ 
tion of the changes in the uterilf5 horn of the guinea-pig would be of interest 
for two reasons : (a) its long period of gestation, and (6) its froipicut resistance 
to double ovariee.tomy during pregnancy. Stockard and Papanicolaou's 
observations (1917), however, made it clear that the uterine glands varied 
little during pseudo-pregnancy, though cyclic changes could be distinguished 
in the lining epithelium. Professor J. P. Hill has also pointed out to us that 
the uterine glands of the guinea-pig, unlike those of the rabbit and other 
mammals, take no part in placentation. Nevertheless, to check the condition 
of the sterile hom during pregnancy, four stages were obtained, at about 
21 days, 39 days, 40 days and 46 days pregnant. The endonu^trium of the 
guinea-pig uterus (Plate 21, fig. 14) possesses a basal layer contaimng iiumBrous 
glands, and above this, under the epithelium, a denser layer with comparatively 
few glands. In the sterile horn specimens, all very similar, the glands appeared 
less highly developed than in three unmated guinea-pigs examined at difiercut 
phases of the cycle. 

The Corpora LfUea. —In the absence of any marked reaction of the uterine 
glands which could starve as a diagnosis of luteal activity in the guinea-pig, 
an attempt was made to estimate the duration of corpus luietun at'^tivity in 
pregnancy from the histological appearance. Corpora lutea were examined 
from 22 pregnant guinea-pigs; 7 of theS4> were classed as less than 4 weeks 
pregnant, while 15 others ranged from 36 days pregnant to full term. In 
the latter group the stage of pregnancy could be determined with a con¬ 
siderable degree of accuracy by X-ray examination of the epiphyses of the 
embryos.* Corpora lutea of ovulation were Btudled in 6 undati^d animals and 
in a guinea-pig 6 days post-portum. 

* Goinea-plgB have been aged from grow meusuremezits and radipgr&phio records of 
the state of owifioatioin (as yet unpublished) by Dr. H. A. Harris. See a preliininoty note 
on the relation of ossiflostion in the hind limb to the index of cerebral value of 

Anthony and Oowper, ‘ J. Anat,* voL 03, pp. 267*276 (1929). 
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Examinatioii and meaaurement of the material failed to reveal a clear 
sequence of histological changes in the corpora lutea of {oegnancy; in com¬ 
parison with those of other rodents they proved rather more difficult both to 
interpret and to measure, owing to their variability and less regular shape. 
Unlike the corpora lutea of mice, rats and rabbits, those of the guinea-pig 
hardly project from the surface of tlie ovary; they are imbedded in ovarian 
stroma and interstitial cells, and their shape, and to some extent possibly their 
sise, is conditioned by the adjacent tissue. 

(а) The Corpora Lutea of Ovulation .—^The corpora lutea developing in the 
absence of copulation in the guinea-pig have been shown to affect the uterus 
physiologically, siruje in their presence uterine placentomata may be produced 
(Tjoeb, 1908), although, as mentiom^d above, the morphological reaction 
of the uterine glands appears to be negligible. It is possible, therefore, to 
correlate histological appearance with functional activity. 

All but one of the specimens examined seemed recent and unshninken and 
their diameters in section varied from 1*4 to 1*6 mm. Including the 
corpus luteum from GP 9 killed six days post-partum, which may be 
assumed to bo functionally active, all this group of corpora lutea containod 
an irregular granulation of osmicated fat, coarser in GP 9 than in most of the 
others. 

(б) The Corpora Lutea of Pregnancy .—Measurement of the corpora lutea 
indicated that themajority, having once reached their maximum sise, underwent 
hardly any shrinkage until just before parturition. The amount of fatty coU 
inclusions varied, but in Flemming fixed material was not appreciably higher 
at the end of pn*gnancy than in its early stages (Plato 20, figs. 5 and 6). In 
the series examined the pregnancy corpora lutea showed most fat at 6 days 
post-partum, and it seems probable that the maximum fat period comes just 
after the end of pregnancy as in the mouse. 

No accurately dated mat(*rial was obtained for the first fortnight of pregnancy; 
the luteal function may well reach a maximum during this time and then decline, 
but histological examination makes it almost certain that there is no striking 
change such as occurs in the rabbit. The continuance of secretory activity in 
the cells of the later guinea-pig corpora lutea may be deduced from their 
changing fat and lipoid granulations. In many cases mitotio figures could be 
observed among the lutein cells, as Loeb (1911) has previously recorded, but 
these appear to be associated with cell degeneration rather than with cell 
division. Many corpora lutea, including ones from early pregnancies, oon- 
tainad an abundance of polymorphs and leucocytes, the signifloanoe of which it 
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is difficult to estimate. Qoormaghtif^ (1927) believes that the secretion passes 
out through the lymphatic channels. 

Typical specimens, including corpora lutea from the 4 guinea-pigs with one 
horn of the uterus sterile, arc described below :— 

Group I ,—^Under 4 weeks pregnant: 7 guinea-pigs; average diameter of 
the measured corpora lutea, 1*83 mm. 

SPG 10. Early pregnancy ; ovariectomisod ; aborted the next day. Mean 
diameter in section, 1*66 mm. 

The cells in Bouin fixed niattjrial arc eosuiophil and rarely vacuolated ; they 
show regular contours and arrangement. The lutein vaAI diameter is about 
16 (X and that of their nuclei 7 [x. The blood vessels are dilated. Mitoses are 
rare or absent. Leucocytes arc not common. Aft^T Flemming fixation the 
peripheral cells contain black fatty granules, but in the interior of the corpus 
luteum the cell granulation is brown. 

SPG 14. Embryos estimated at 3 weeks old. Mean diameter, 1 ■ 88 mm. 
In comparison with SPG 10 the lutein cells appear less regular and somewhat 
smaller, though the difference in size is not marked. The nuclear diameter is 
about fi |X and the cell diameter about 12 (x. The blood vessels are still dilated. 
A number of mitoti(‘> figures can be scmui. The asinicated fat is still almost 
confined to the outsido of the corpus luteum ; it is rather lighter tlian in 
SIHJ 10, but occupies a larg<»r part of the section. 

UPG 3. Early pregnancy, probably about 3 weeks; one horn of the 
uterus sterile. Mean diameter, 2*05 mm. 

The osmicated fat is coarser than in SPG 10 and 14 and present in irregular 
smaU masses and granules throughout the corpus luteum, but heaviest at the 
periphery. The cells contain abundant lipoiils; some cells are vacuolated, 
others contain mitotic figures. This corpus luteum from the appearance of 
its cells is more like SPG 14 than SPG 10, which was probably from a younger 
pregnancy. 

Group II .—8 guinea-pigs 36 to 60 days pregnant; average diameter of 
measured corpora lutea^ 1*86 mm. 

UPG 2. 39 days pregnant; one bom of the uterus sterile. Mean diameter, 
1-92 mm. 

This corpus luteum is not strikingly different from that of UPG 2, but 
osmicated fat is rather more abundant and more evenly distributed throughout 
the corpus luteum. Leucocytes and cells belonging to the vascular con- 
necstdve reticulum appear very abundant. Some of the lutein cells are 
vacuolated* Lipoids are similar to those of UPG 3. 
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SPQ24. 40 dapregnant; one horn of the uterus sterile. Mean diameter, 
2*03 mm. 

This is not very different from UFG 2, but the oamicated fat granulation is 
rather lighter and sparse in tho interior of the corpus luteum. The vasoularisa- 
tion appears active and the lutein cells resemble those of SPG 10, 

BPG 21. 41 days pregnant. Mean diameter, 1 ■ 45 mm. 

The corpora lutea of these ovaries contrast with the others of the group in 
their smaller sise and greater abundance of oamicated fats and lipoids. Tho 
latter are as heavy as in tho post-partum corpus luteum GP 9, but the granula¬ 
tion is rather more regular. Both the cells and their nuclei appeared somewhat 
shrunken. All four corpora lutea wore of the same type, and from their 
histological characteristics would be held to have reached the end of their 
functional period. 

Ofcup III ,—6 guinea-pigs 45 to 58 days pregnant; average diameter of 
measured corpora lutea, 1-78 mm. 

SPG 25, 45 days pregnant. Mean diameter, 1 -72 mm.; one horn of the 
uterus sterile. 

This corpus luteum resembles that of UP6 2, but the oamicated fat is coarser 
and more abundant (Plate 20, fig. 5). 

SPG 1C. 64 days pregnant. Mean diameter, 1 -72 mm. 

Here there is rather less osmicated fat than in SPG 25 ; it is irregular and 
mainly at the outside of the corpus luteum. 

SPG 13. 68 days pregnant. Mean diameter, 1*80 mm. 

This resembles SPG 16, but has coarser fat. 

GP 10. Killed just before parturition. Mean diameter, 1-87 mm. 

This corpus luteum did not appear shrunken, nor was osmicated fat heavy 
in comparison with earlier stages (Plate 20, fig. 6). It resembled that of 
SPG 26,46 days pregnant. GP 8, killed at about the same time, showed rather 
smaller and more fatty corpora lutea, diameter 1-52 mm. Corpora lutea of 
the same sijse were found in SPG 3, which gave birth to two young the day after 
ovariectomy and suckled them for 6 weeks. In SPG 23, killed at 63 days 
pregnant, the corpus luteum diameter was 1-82 mm. 

At 6 days post-portum the corpora lutea of pregnancy showed more osmicated 
fat than at any time previously; the diameter was 1-3 mm., the ceUs were 
shrunken, and the osmicated fat was in large globules and coarse granules. 

In the present series therefore, only one guinea-pig out of 18 killed up to 
the 58th day of pregnancy shows definite signs of corpus luteum zegresaion, 
and that at 41 days pregnant. Loeb (1911) refers to variations among preg- 
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nancy corpora lutea in this respect, even among those in the same ovary, but 
he nowhere defines his criteria of degeneration. From ovarieotomy experiments 
it may be deduced that, in some cases at least, corpora lutea are not actively 
functioning (or that their secretion is no longer necessary for the maintenance 
of gestation), but, even in the guinoa-pig, ovariectomy often terminates preg¬ 
nancy (Herrick, 1928), though the effect is not always immediate. 

VII. Summary. 

(1) This paper deals with the changes in a sterilised horn of the uterus during 
pregnancy, and their relation to changes in the corpus luteum. 

(2) in confirmation of Courrier and Kehl (1930, a), Knans (1930) and Ham¬ 
mond, it was found that the sterile horn of the rabbit undergoes characteristic 
pregestational changes lasting 12 to 14 days and afterwards regresses. The 
glands and epithelium disintegrate and blocks of debris are found in the lumen. 
From 14 days pregnant till parturition, the corpora lutea in all but one of the 
rabbits examined showed a disappearance of fats, blackening with osmio acid 
from their inner region. The fat-containing zone decreased in size aa pregnancy 
advanced and was reduced to a narrow rim at parturition. Since osmioated 
fats are found throughout sections of corpora lutea during the early days of 
pregnancy, their gradual disappearance and restriction in later stages probably 
indicates a decline in the elaboration of the luteal secretion. This may be 
correlated with the disintegration of the endometrium of the sterile horn. 

(3) In the mouse, as in the rabbit, the changes in the sterile horn during the 
first half of pregnancy resemble those during pseudo-pregnancy, but during the 
second half, not regression, but an entirely new phase of development sets in. 
The uterine glands become greatly distended and their diameter may reach 
250 (1 to 300 (X. Regression, accompanied by some haemorrhage in the siromal 
tissue, begins just before parturition. This second phase of glandular develop¬ 
ment may be correlated with the enlargement of the corpus luteum at about 
mid-pregnancy (Deanealy, 1930). The possibility that the endometrium of 
the sterile horn is influenced by fostal or placental activity cannot be definitely 
excluded. 

(4) No trace of such uterine change was found in the sterile horn of the 
pregnant rat. 

(5) In the guinea-pig the morphological changes in the sterile horn during 
pregnancy are as slight as during pseudo-pregnancy, and consequently give 
no clue to the duration of luteal influence. Histological study of the corpora 
lutea after Flemming fixation suggests that the majority of them remain 
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functioDal throughoat pngnAiioy; ounicated fat ijaoceaaeB ap to wd after 
partmitioa. 
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DBSORIPTION OF PLATES. 

AhhmMont, —^D.Q., diaUmded g^and; D.« ddbrU in hunesi; Q.OL« gUaft fonned 
irom efdtballal (Mbrii; R.B.OL, rad blood o<npoiolM; L, lumen of uterue. 

Plats 19. 

Pto. 1.-—Uterue of mouse* 11 days after sterile oopolation* showing endoraetrisl derelop- 
ment reached duilDg pseodo^pregnsaoj. x 4A, 

Flo. 3.—Sterile horn of mouse (UCP 2), at 17 days pregnant* showing the enormous dis- 
tentioa of g^ianda ohazaoteristio of the second phase of development in the sterile 
horn. X 28. 

Fio. 8. —Sterile horn of moose (SM 47) at 18 days |«egnant. x 21. 

Pte- 4.—Stnile ham of inouse (UCP 4) at 2 days poet-partum. Uterus retoming to 
normaL x 28. 


Plats 20, 

7 (A seotioni through oorpora Intea. fixed in Flemming’s fluid and mounted unstained. 

X 25. 

Fio. 5.—Qulnea-pig 46 days pregnant (SPG 25). 

Fm. 6.—Guinea-pig Just before parturitioa (GP 10). 

Fia. 7.»Babfait 14 days pregnant (SM Oa). INsappeaianoe of osmioated tat from inner 
region of oorpus luteom. 

Fio. 8.—Babbit 28 days pregnant (UPR 5). Heavy oemioated fat throughout oorpus 
luteum. 

Fro. 0.—Rabbit 26 days pregnant (UPR 2). Osmioated fat reduced to a narrow rim. 

Plats 21. 

Fiq. 10.—26-day’ pregnant rabbit (UPR 2). Segment of endometrium of sterile horn 
showing dlrintogratiQD of the glands and eE^thelium and aooumulation of the ddbrie in 
the lumen, x 21. 

Fio. 11.—28-day pregnant rabbit (UPR 6). High-power view of fold of endometrium 
showing giant oells formed from the d4tm of the glands and epithelium, x 166. 

Fm. 12.—18-day pregnant mouse (SM 47), showing presence of red blood oorpusolea in 
the stramal tissue of the sterile horn, x 320. 

Yua. 18.—19-day pregnant rat. Sterile horn showing complete abeenoe of the glandnlar 
development found in the mouse, x 28. 

Fro. 14.—45-day pregnant guinea-pig (SPG 25) Sterile hom showing quieeoe nt endo¬ 
metrium. X 14. 
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The Bronchial Vascular System tn the Dog. 

By J. L. Bbbby, J. F. BaAiLBTORD, and 1. db Buboh Daly. 

(Commanioated by C. Lovatt Evaxu, F.R.S.—Received July 28, 1931.) 

(From the Pfayiiology Department, the Univenlty, Blwntogham.) 

[Platss S2<-29.] 

I. Introduitim. 

The distribution of the bronchial arteries (the mia nuiritia of Reuseissen) 
within the lung has been investigated by many anatomists but, beyond our 
knowledge that they are nutritional vessels to the bronchial tree (Beisseissen 
and Sommering, 1808; Reisseissen, 1808, 1822; Lusohka, 1863; KOnigstein, 
1003), little is known of their significance for the maintenance of the nonnal 
functions of the lungs. At the moment their chief interest lies in the number 
of reports describing the changes in the bronchial blood vessels resulting from 
interference with the pulmonary vascular system and from lesions in the lungs. 

Virchow (1M7, 1851, 1856) produced eridenoo to show that long-standing obstmotion 
of a polmonsiy artery branch to one lobe led to an increased development d the bronchial 
aiteriea, although Kaxaner and Aril (1912) failed to obtain the inoreaeed devricpmcot 
foUowing pulmonary obatruotioa in a amaller bnnoh. ChziateUer (1916) xeviewad a 
number of oeaea showing inoraaaed broaohlal artery development aooompanying pohnooaiy 
■tepoaia and atresia. More raoently Foiwnan (1990) and Schmidt and Bartii (1B24) have 
drawn attention to the eeoaitivity of the bronchial vaeoular endothelhun in aaaphylaotio 
shook, and of oonaiderable interest is the observatioa of MlHer (1925) that the tnnaitlooal 
raw from the bronchial to the pnlmonaiy cixoalatson in the bronchial tree is a iavoorite 
place for tuboolea to develop. In this oonnaoUoiu OuilJot (1845) disoumee theformatioo 
of new blood vessels of the aystemio dnmlation in the region of tubtfouler leaiona. 

Two years ago Plofassor E. B. Yemey and one of us (1. de B. D.) were 
oonduoting experiments in this laboratory which involved the separation of 
the pulmonary from the aystemio oimilation in the dog, the two systems being 
perfused by separate pomps. In one experiment it appeared that blood was 
being transfened from the aorta to the left auricle through the bronchial vascular 
qrstem. It became desirable, therefore, to inquire into the conditions which 
govern the bronchial blood supply. At an early stage in this inquiry it was 
evident that, owing to the variations in the origiu of the bronchial arteries, a 
study of the gross and minute anatomy of the bronchial vasoulsx system in 
each perfusion experiment would be necessary if anything appcoadring a 
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oorreot interpretation of our results was to be expected. As a preliminary 
investigation to our perfusion ezpaiments, we have examined the bronohial 
vascular system in a number of ftnitniLla and the results form the subject of 
titia paper. In it are also incorporated the anatomical findings on the perfused 
lungs used for physiological investigations. We have concentrated our efforts 
on two main issues: the first, the arrangement of the bronchial arteries and 
veins with a view to setting up apparatus for perfusion of the bronohial arteries 
and the collection of the blood from the bronohial veins; the second, an enquiry 
into possible arterial and venous communications between the bronohial 
and pulmonary vascular systems. It is clear that if arterial anastomotio 
channels exist between the two systems it will not be possible to separate 
completely the arterial blood of each. 

Ruysch (1721), HaUer (1766), Beisseissen (1822), Hoyer (1877), Eilttner 
(1878), and Zuckerkandl (1883) wore among the earlier workeis on human 
lungs to describe an arterial anastomosis between the pulmonary and bronohial 
vascular systems, although GuiUot (1845), Rossignol (1846), Adrian! (1847), 
and more recently Miller (1900,1906,1925) found the two arterial systems to be 
independent. It is suggested by Miller (1925) that the vaaa vaaonm from the 
bronohial arteries to the branches of the pulmonary artery may be mistaken 
for anastomotio branches. Zuckerkandl called the twigs of the pulmonary 
artery which go direct to the air tubes and there anastomose with the bronohial 
artery—ram* brottohiales arteria ptdmondUs. 

Ample evidence of a oapiUary anastomosis between the two systems has 
been produced by Beuseissen (1822), EoUiker (1852), Hyrtl (1873), Eilttner 
(1878) and Miller (1906,1911,1925,1925, a). Cohnheimand litten (1875) at one 
tune denied the presence of a free exchange of blood between the two systems, 
but at a later date Litten (1879) reinvestigated the problem and retracted from 
this position, Cohnhoim (1882) accepting his former co-worker’s opinion. 
Efittnez (1878) injected the bronohial vessels from the pulmonary artery and 
Zuckerkandl (1881) succeeded in injecting the respiratory capillary network 
from the pulnumsxy artery, the pulmonary veina or the bronchial arteries. 
MilUr (1906) demonstrated that the bronchial blood vesseb are diteotiy oon- 
neoted with the pulmonary veins and can be only partially injected from the 
pahnonazy artery when the pulmonary vein is clamped and then by a baolcward 
flow along the venous radicles which arise from the bronchi; again, Rossignol 
(1846), Adriani (1847), Miller (1906), Ghoreyeb and Eannet (1913), and others 
haTS shown that injection of a dye into the aorta leads to its appearance in 
the pulmonary vmns and superior asygos vein. 
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llie oqvObfy Miutoiiiaiis doM iwt tekt pteoa in ftU parte of tlw hiDg. i&mvdliig to 
llOkr (IdU) ibe braoohiftl ortflriei ni^ iho broDohUl tm u far M tJw nnill 
Imt wHli the ^ipoMmooe of alvaoU along tlio mSk of the hfonohioho the bnmohlal aittflH 
u a diatiiiot set of Tewe li dlt^ipear, the terminal network of oapdllariee formed by them 
uniting with that of the pafanooazy artery in the region of the bronobtoli ntpmioni 3 
beyond this region the air tubea and air epaoee are eupplied the pnlmnnaiy artery. 
(Le Fort (1868), Losohka (186S). Kllttaer (1878), Zuokericandl (1881) etate that part of the 
Mpiratory oapiDaiy network ie auppUed by branchea from the biooohiid arterka.) The 
Uood from the bronohlal artery enf^iiying thehilnm, with ite adjacent plmua and the fliot 
two dividing pointa of the bronohial tree, dimine into the aaygoe, hemi-axygoo or one of the 
interooital velna, whereae that aupplying the remaining bronchi and bronchioU aa far aa 
the oapillaiy network in the walla of the bnnchioli respimtorii empties into amall branohaa 
of the pnlmooaiy vein. According to Kflttner (1878) mixed blood eappUee the alveoli 
in the region of the btonohiolus reepiratoziiia and duotulue alveolaria; thii point le aho 
diionaoed by Hyril (1873). 

Sappey (1889) believed the bronohlal artery extended to the tmnination of the lobulea 
and it ii interating to note that Miller (1011) found that the last remnant of blood which k 
brought to the bronohua by the bronchial artery drains into the venous radicles which 
take thair origin fhwi the distal end of the duotolos alveolaria. 


Regarding the venous oommuuioations between the larger branches of 
the pulmonary and the bronchial veins, Beisseisaen and Sbmmering (1808), 

Le Fort (1858) and Zuckerkandl (1881) found them to be present, but Luschka 
(1863), Hyrtl (1873) and Sappey (1888) denied their existence Hyrtl (1873) 
considered the so-called bronchial veins, which have been described as emptying 
into the pulmonary veins, to be small veins of the latter t 3 rpe, but that true 
bronchial veins drain the bronchial glands and the larger bronchi. According 
to Molnikoff (1923) the true bronchial veins are not well developed. 

The more recent work tends to show that the arterial connections between 
the pulmonary and bronchial systems are probably non-existeat, but there is 
undoubtedly a capillary anastomosis. It must be remembered, however, 
that most of the earlier investigators worked on human lungs, a few on dogs’ 
lungs, and Miller (1906, a, 1908) has demonstrated a wide difference between 
the distribution of the bronchial arteries in different species; this especially 
applies to the blood supply of the fieura pulmondUs (see also Baokman, 1923)* 

n. Methods. 

For the purpose of the investigation we have injected the polmonaiy artery, 
tlie aorta, one bronchial artery, the pulmonary vebs or the aaygos vein at 
level DIO with a gelatin-dye or a barium aulphate-gdatin mixture subaequeiit 
80 ; a perfusion with saline at 40"" C. Fdlpwing tbeae prooedozes, the larger ^ 
blood vessels of the lun^ have been examined in the first inatanoe m mtu with 
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or without the aid of a hand lens, and finally the lungs have been seotkmed for 
mioroecopio examination. The lungs injected with the bariom solphate- 
gdatin mixture, after being radiographed, have also been sectioned and the 
distribution of the injection mass observed under the micxosoope. Such a 
complete examination has been made in 26 animals, a partial examination in 
16 others. After trials, the most satisfactory injection masses have been found 
in the Prussian blue-gelatin and the carmine-geUtin prepared aooozding to 
the directions given by Qross (1921). Injections into the aorta or bronchial 
arteries are carried out with a modified Huber (1906) apparatus at pressures from 
160 to 400 mm. Hg, and into the pulmonary artery, pulmonazy veins, right 
auricle or superior azygos vein from 40 to 200 mm. Hg. The heart is clamped 
at the aurioulo-ventricular groove to prevent passage of the injection matm 
from one system to the other through the cardiac chambers. The time taken 
for the injection varied from 3 to 16 minutes, the temperature being approxi¬ 
mately 40^ C. The tissues injected with the dye solution are hardened—first 
in equal parts of rectified spirit and water with the addition of 1 per cent, 
hydrochloric acid, then in rectified spirit and, lastly, in absolute alcohol. 

The specimens for radiographic study arc injected with a 40 per cent. Ba804 
and 12*6 per cent, gelatin mixture into the aorta at 160 to 400 mm. Hg to 
fill the bronchial arterial system, or into the right auricle or azygoe vein to fill 
the bronchial veins. The radiographs of the injected vessels are taken on 
Kodak X-ray films in double wrappers. The specimens are placed on cotton¬ 
wool in a wooden box, fitted with a bottom of thin sheet aluminium. The 
film is placed on the floor and the box containing the specimen laid upon it, 
the X-ray tube being fixed 6 feet above the specimen so as to reduce distortion. 
The close contact of the specimens with the film without intensifying screens 
avoids the grain of the latter and gives sharp detail of the finest vessels. The 
average exposure has been 5 seconds, using 60 milliampeies of current at a 
tension of 60 Idlevolts peak. The tissues injected with 40 per cent, barium 
sulphate gelatin mixture were fixed in 10 per cent, formol solution, the 
value of which was adjusted to 6*0 with sodium acetate using methyl-red 
indicator. This technique was adapted from Jacquiert (1930). 

III. The Bronchial Arieriee and Ferns. 

A gelatiu-dye injection into the aorta or a backward injection of the hr on oh i a l 
arteries from the left auricle rendered a dissection of these vessels a oompara- 
tively easy matter. (A back injection of the brcmchial arteries from the left 
auricle has been used by Rossignol (1840) and Adriani (1847).) 



218 J. L. Berry, J. F. Bndkfcnd and 1. de B. Daly. 

We have fouiul that the faronohial ertexies ariae in general in one of two 
waya:— 

(a) The fo$tmor bronchial artery arises from the sixth intercostal artery and 
divides into a right and left branch, twigs from each supjdying the 
oesophagus. The anUrior bronchiai arteries arise from the internal 
mammary and from the pericardial arteries of the same side which sink 
with the mediastinal and traoheo-oSsophageal hranohes into the long 
hilus. This is nearly identical with the arrangement described by 
Ktittner (1878). 

(5) A branch from the right fifth or sixth intercostal artery to the right 
lung and one or more twigs direct from the first part of the descending 
thoracic aorta down to D7 or a single twig from the left sixth inter¬ 
costal artery to the left Inng comprise the posterior bronchial arteries 
(Plate 22, fig. 1), which also supply a portion of the oesophagus. The 
anterior bronchial arteries arise from the internal mammary artery, 
the mediastinal and pericardial arteriea of the same side. 

Twigs from the pericardiaco-phrenic artery, from the aortic vessels in the 
laUm y^Jimonale and from the small artery supplying each vagus 
have been seen entering the hilus of the lung. In one animal a right posterior 
bronchial artery arose directly from the aorta in addition to the usual branch 
ooming off from the sixth intercostal artery. The posterior bronchial arteries 
are far larger than the anterior and send relatively large branches to the 
bronchial glands, and in addition supply twigs to the pulmonary branches of 
the vagus. In a well-injected specimen communicating branches between the 
oesophageal, mediastinal, pericardial and bronchial arteries can be made out. 
The Ugammi/um Jatum pulmonale in the region of the lung roots receives twigs 
from the bronchial artery branches. 

We find that small twip arising from the bronchial, pericardial and mediastinal arteries 
Kink into the hmg hilus and spread over the viaoeral pleura in this r^on, th^ also run 
in the ligameiUum htum pulmonale together with branches arising directly from the sorts 
(fig. 8). Ktittner (1878) states that the bronchial and pulmonary srUrias in the dog can 
be filled from the pleural mediastinal twi^ and SCuokerkandl (1888), Mrinikoff (1923) and 
Baokman (1923) discun the preeenoe of such a collateral droulatkm in man. The wide 
variations in the origin of the bronchial arteries amountesed from one animal to another 
an also found in human lungs (Haller, 1786 ; Krause, 1868; Kakamura, lOM). 

'VRth the aid of dye-gelatin injections into the superiox asygot vein it k 
foand that the posterior bronohul veins on the right side enter the uygoi vein 
as it curves forwards to enter the superior vena cava at the level of the fifth 
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or sixth thoracic vertebra ; a few twigs may enter the azygos vein lower down 
as far as the level of the eighth thoracic vertebra. On the left side the bronchial 
veins drain into the azygos vein, an intercostal vein or branches of the oeso¬ 
phageal veins which eventually empty into the azygos vein. The mediastinal, 
oesophageal and bronchial veins anastomose with one another. On one 
occasion some of the bronchial veins from both sides united to form a large 
trank which entered the azygos vein at the level of the seventh thoracic 
vertebra. The anterior bronchial veins, which are small and difficult to trace, 
for the most part appear to drain into the internal mammary vein. 

These observations indicated the lines upon which the experiments would 
have to be planned to ensure pejrfiision of the bronchial arteries and collection 
of the blood from the bronchial veins; further, they made us fully avrore of 
the difficulties which would l>e encountered in separating completely the 
bronchial arterial and vi^nous blood from that anppljdng and draining adjacent 
struotuies. At the moment it is sufficient to stress that the posterior bronchial 
arteries, which are the chief supply to the air tubes, arise from the descending 
thoracic aorta down to D7, whereas the posterior bronchial veins eventually 
drain into the superior azygos vein and azygos vein down to level D8. 

Wc have been unable to trace bronchial venous twigs to the right auricle, 
although a few sometimes enter the superior vena cava in its course between 
the right auricle and entrance of the superior azygos vein. 

It will be seen that perfusion of the part of the thoracic aorta lying between 
the level D8 and a ligature tied just distal to the left subclavian artery, will 
supply blood to the bronchial tree fed by the posterior bronchial arteries which 
is the major supply to this area ; and a cannula in the superior azygos vein, 
the azygos vein being ligatured just below the level of the eighth thoracic 
vertebra, will collect most of the blood derived from the bronchial veins which 
emerge from the lung hilus. It should be stated, however, that unless certain 
precautions are taken, systemic vascular territories other than the bronchial 
will be involved in such a perfusion ; they will be described later. 

lY. Arterial, Venous and CapiUary Communicaiions between tie Pulmonary 
and Bronchial Vascular Systems, 

We have repeatedly attempted to demonstrate arterial communications 
between the pulmonary and bronchial vascular systems without suooess. If 
such wide anastomotic channels, from 0*136 mm. to 0*42 mm. in diameter, 
between the branchial and pulmonary arterial branches exist in the dog, as 
Hoyer (1877) states to be the case in man, it would be expected that a gelatin- 
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djTB mixtnm would p# ** euily into tho pnlmonacy artery when the branohial 
artenea aie injected; this, howeveTf doea not take jdace. Additkmal evidenoe 
of the abaence of such an anastomoaii is afbrded by the radiographs whiohr 
taioen after aortic injection with the barium sulphate-gelatin mixture, reveal 
oleariy the faronobial arteries which follow the main air tabes, but there is no 
passage of the material into the adjacent lung tissue; the smallest vessels 
which show up on the radiographs have a diameter of 70 p, and their spiral 
oomse first mentioned by Haller (1764) is oharaoteristio. Microscopic examina- 
tionof the lungs shows that the barium aulphate-gelatinreaohes vessels whichare 
distended to 17 p in diameter, yet the pulmonary arteries are uninjected. 
This suggests that our injection material reaches the arterial vessels which 
immediately precede the capillaries, for Miller (1926) shows in his beautiful 
picture of the capillary network within the walls of a broxiohiohu, a small 
bronchial artery of 26 p in diameter quickly reducing to one of approximately 
10 p as it gives off branches which merge into capillaries. Taking all the 
evidence into account, we are forced to the ooncluaion that there is no extensive 
arterial communication between the bronchial and pulmonary vascular 
systems in the dog, although our results do not exclude the presence of an 
anastomosis of the smallest arteriole twigs of the two systems. 

With regard to the oapiKarief, the injection material has been in general 
too thick to be able to enter these vessels at the pressures used, but on a few 
oooasiODS WB observed capillaries in the region of a bronchus which were filled 
with Prussian blae-gelatin injected from the aorta. We have, however, 
repeatedly obseorved saline flowing from the superior azygos vein and left 
auricle during the preUminary irrigation from the aorta, and in some cases the 
gelatin from the barium sulphate-gelatin mixture has separated out with a 
small amount of the barium salt and filled some of the capillaries, but is then 
not in sufficient concentration to give a detectable shadow on the radiograph. 

It has also been impossible to demonstrate a definite anastomosis between 
the veif%8 of the two systems, as described by Zuckezkandl {loo. cU.) for human 
lungs. Injection of the azygos vein with barium sulphate-gelatin only leads 
to fllhng of a limited field of vessels situated round the larger bronchi, and the 
pulmonaTy veins have been free from the main mass of injection material, 
atehough in some oases (not all) the gelatin with a ama.n quantity of barium 
sulphate has reached.them. The smallest bronchial veins in these oases have 
ben cUstended to 70 p in diameter. 

We interpret these results to mean that extensive venous anastomollio 
ohaiUifilB greater than 70 p in diameter between the two systems axe noi 
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lowent. It is not possible to be definite with regard to the veins; 

m this oonneotion it hu been shown that the small pnlmimary venules into 
which the capillaries of the network within the walls of a bronohiolus drain, 
vary from 10 to 40 (x in diameter; these figures are derived by measurement 
of the vessels shown in fig- 3 of Miller's paper (1920). 

V. Significance of Anatomical Findings in rdation to Pkgaklagioad 

Experiments. 

Since much of our information of the distribution of the bronohial vasonlar 
Bjwtem has been obtained from preparations previously used for perfusioa 
experiments, it is proposed to present the radiographs of these pceparationa 
so that they noay be compared with the physiological findings which will be 
described later. This procedure is necessitated by the fact that we used three 
different methods, in which the extent of the q^stemio vascular system perfused, 
including the bronchial, differed to a marked extent; moreover, the physio¬ 
logical results showed features peculiar to each. 

The first group of experiments involved the perfusion of the pulmonary 
circulation with one pump and the thoracic aorta between levels D4 and D8 
with a second pump. The animal is lightly annethetised with a mixture of 
chlorof o rm and ether in equal parts, it is thei^ bled to death from a carotid 
artery and the thorax opened by splitting the sternum in the mid-line. The 
arch of the aorta is tied with a strong ligature just lateral to the point where 
the left vagus passes over the aortic arch, and the brachiocephalic artery and 
the left subclavian artery are also ligatured. The lower half of the animal is 
then removed at level of D12 and the spinal canal plugged with cotton-wool 
soaked in hot parafiSn wax, of m.p. 66° C. The muscles of the neck are sur¬ 
rounded with a strong chain, which is tightened by a specially devised mechanism 
in order to prevent subsequent bleeding from these structures; the head of 
the animal is then removed by section just above this clamp, following which 
the skin and most of the dorsal musculature ate removed. The oesophagus is 
tied with a strong ligature at the level of the origin of the left subclavian 
artery, and also at levels of D6 to D8. Cannulas ate placed in the pulmonary 
artery, poin ting peripherally, in the superior asygoe vein, in the left auriole 
and in the descending portion of the thoracic aorta at level of D8, pointing 
headwards. The asygoe vein at level D8 is tied and the auricular ventricular 
groove dmnped. 

In a few exiteriments the oennnls has been placed in the right auriole instead 
of in the s^Mtim asygoe vein, but in these cases the superior vena cava is 
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ligaturedabovetbeentryof the superior asygoB vein. Thepulnumaiyvasoular 
system is washed tibrough with defibrinsted blood, the blood being oolleoted 
from the left auricle ; the systemic circulation, which includes the bronohiBl 
vascular system, the intercostal muscles and part of the longus colli muscle, 
is similarly treated by perfusing the aorta with defibrinated blood at apptozi- 
mately 100 mm. Hg, the washings being oolleoted from the superior asygoa 
vein or ri^t auricle as the case may be. This may be designated as a hing- 
thorax-oBsophagns preparation (L.T.O.). The extent of the perfusion of the 
systemic system is seen in the radiographs (figs. 2 and 2 a, Plates 23, 24), 
details of which are given in the legends to the figures. 

Althongh most of the donal musculatuie is removed before perfusion, quite 
a large vascular bed is still supplied by the donal branches of the intercostal 
arteries. We felt reasonably certain that blood did not supply the toritory 
very fax distal to the intercostal artery ligatures near the vertebral column, 
since no oozing of blood occurred at the cut end of the arteries in the mid* 
sternal line, or in some experiments just distal to the ligatures if the thoracic 
parietes were removed. Injection with barium sulphate-gelAtin at high 
pressures does not bear out this supposition, for the intercostal arteries in 
some preparations receive the injection mass. We believe that in these oases 
the injection material may have forced its way past the ligatures and reached 
portions of the vascular system which had not been perfused; we are, however, 
unable to make a definite statement on this point; such uncertainty is obviously 
a drawback to the injection method for assessing the extent of the vascular 
bed perfused, but at the moment there does not seem to be a better alternative. 
This disadvantage is lessened by performing a large number of experiments and 
assessing the results as a whole, but it is desirable to mention that the injection 
mass might well roach vascxilar territories which were not actually perfused. 
In the L.T.O. group we varied the technique slightly and in some experiments 
endeavoured to remove most of the thoracic parietes (figs. 3 and 3a, Plates 
25, 26), leaving only five intercostal spaces, the aorta and that portion of 
oesophagus which remained attached to the corresponding vertebns. In this 
way we hoped to make the bronchial vascular system a large proportion of 
the whole perfused systemic circulation. 

In the second group of expe ri m en ts, the intercostal arteries and veins ate 
ligatured, the aorta, oesophagus and lungs being removed from the thorax 
by careful dissection of the posterior mediastinal contents from the bodies of 
the vertebrs. At this stage great care is taken to prevent domage to the 
right bronchial artery, which cornea off from the fifth or aixth right interooatal 
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and to tjie intercoBtal arteries oential to the placed ligatures. The 
polnumazy vascular system is washed through with defibrinated blood as 
before. The systemic drculation, now consisting of the blood vessels supplying 
a portion of the OBSophagus, the posterior mediastinum and the bronchial 
tree, is also washed through, and the dorsal branches of the intercostal arteries, 
which have of necessity been cut, are tied with any other bleeding points. 
The length of the ceaophagus receiving blood from the aorta varied from 2*5 
to 8*0 cm. As practice was gained imthe operation, shorter lengths of the 
cesophagus were left for perfusion; we term these, Inng-cssophagus (L.O.) 
preparations (fig. 4, Plate 27). 

An examination of these radiographs shows there is still a considerable 
vascular bed other than the bronchial involved in the perfusion, because of 
the rich blood supply to the oesophagus from the aorta direct, and from the 
bronchial arteries. We proceeded, therefore, to a third group of experiments 
in which cannules were inserted into one 
or more of the bronchial arteries. After 
a few trials it was found possible to tie off 
the small oesophageal arterial and venous 
twigs without damage to the bronchial 
arteries. These twigs in some instances 
are extremely short (fig. 6), but by 
drawing the oesophagus downwards and 
snipping its connective tissue sheath all the 
way round, ligatures could be placed on 
the vessels and tied with the sheath 
included. This operation is carried out 
at the level of the lung roots, working 
from below; on releasing the oesophagus 
it leitaots upwards, leaving a clear opera¬ 
tive field for insertion of the cannuhs into 
the bronchial arteries. 

In those animals which have only one 
left posterior bronchial artery a cannula 
is inserted into it after slitting the aorta and introducing the cannula 
through the arterial orifice; if two arteries are present on the left side they 
generally oome off dose together and a cannula is introduced into the portion 
of the aorta from which they arise, all other branches being tied. On the right 
side the ^anwiila. is inserted into the bronchial artery just after it leaves the 



Fio. tf.—Bronchial arterial network 
■urrounding the oaeophagua. A » 
aorta; 0 = OBsophagua; T « 
faifuroation of trachea; 1 » aiygos 
vein: 2 tight posterior bronchial 
artery; 8 =» right interoostal artery; 
4 M leftinterooetal artery; 5 » left 
pMterlor bronchial artery. 
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intexcostal artery (fig. 7). The ceaophagoa ia dtawn in the diagnm in oidar to 
ahow its relation to the bronchial arteries, bat in pmetioe it is remoTed befbra 



Fio. 7.—Diagram illostrsting the poaitloa of the cannula inserted into the right poatecior 
hrooohial artery. C = cannula in light posterior hronehial artery; S => origin of 
poetwior bconohial artery; 3 ~ right interoostal artery; A portion of aorta palled 
to right; 0 » oseoidiagua; L <» lymphatio gland. 

the cannula is inserted. The bronchial cannnto are joined in parallel by 
rubber tubing and connected to the output side of the systemic pump. The 
radiograph (fig. 6, Plate 28) shows the result of injecting the right and two 
left posterior btonohial artehes with barium sulphate-gelatin, subsequent to 
a perfusion ezperimeut, 

VI. HiOologieal FindiHg$. 

Under this heading we do not intend to describe in detail the results of the 
examination of some hundreds of sections obtained from the perfused and 
injected lungs, because, as far as oui observations go, they oonfiim the foU 
accounts given by Hiller (^.v.). We do, however, wish to present farther 
evidence that the masses injected, subsequent to the perfusion experimeatB, 
fill the bronchial arteries supplying the bronohial walls, inoluding the sub- 
mucoea, the walla of the pulmonary artery, the pulmonary nerves (figs. 8 
to 13, Plate 29). The bronohial arteries in tibe photogia|^ show up blaok 
or appear granular, dqwnding upon the type of light filter used. 

Reiaseissen (1822) states that the bronohial arteries snppfy the polmoBaCy 
nerves, and the dose connection between branoheB of the bcoaoMal Hteries 
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and pq lmim a r y nerves in the sections examined is partioulariy striking. 
Frequently a nerve handle is flanked by two arteries and in some oases a small 
arterial btanch may be seen within the nerve sheath (figs, 11 and 12, Plate 29). 
We consider therefore that in perfusion experimentsof the pulmonary circulation 
simnltajieous perfusion of the bronchial vascular system serves to maintain 
the blood supply to the bronchial walls and pulmonary nerves. It might well 
be that in lungs perfused through the pulmonary artery alone, the pulmonary 
nervee receive an insofficient blood supply, and in consequence lose excitability 
and condnotivity. If this were so it might explain the failure of some investi¬ 
gators to obtain evidence of pulmonary vasomotor nerves, using a perfused 
preparation. 

jSufTimary. 

(1) The course and distribution of the bronchial arteries in the dog are 
described. 

(2) Examination of the bronchial and pulmonary vascular systems reveab 
no evidence of extensive arterial or venous communications between the two 
systems, the capillaries and possibly the smallest arterioles and venules 
serving as the only means of direct communication. 

(3) Three methods of perfusing the bronchial vascular system are described. 
The first necessitates the concomitant perfusion of the thorax and oesophagus ; 
the second involves only a small portion of the oesophagus, and the third is an 
isolated bronchial vascular system perfusion. In aU three methods the 
pulmonary vascular system is perfused separately. 

(4) The pulmonary nerves gain their nutrition from the bronchial vascular 
system. 

We are indebted to Miss E. Stewart for help with the radiographs, and to 
Hr. R. H. Baron for the preparation of the histological speoimons. 

The expenses of the research have been defrayed in part by a grant to one of 
us (1. de B. D.) from the Government Grant Committee of the Royal Society, 
to whom we express our thanks. 
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DESCRIPTION OF PLATES. 

PLA.TX 22. 

Fri. l.^Dog, 10*0 kg. ProMiui blue-gelatin Injeotlon Into the aorta at 200 mm. Hg. ior 
10 fflinutae at 46” C. to demonstrate the bnmohial arteries. The luop have been 
removed. Upper.—^Two left posterior bronchial arteries arise from the aorta and am 
distrilmted to the bronchial gland, the trachea, the cBsophagua and the vagus. Lower. 
—^The right posterior bronchial artery arises from the fifth right intsroostal artery and 
■applies the same structur es as the above on the right side. A ^ aorta. 0 msophagas. 
The bronchial arteries and their main branches have been inked over. 

Plates 23 and 24. 

Ftoa. 2. 2a. —Dog, 9 <0 kg. Radiographs of lung-thoraz-oasophagua perfusion prepamtlon. 
The tboraoio aorta was perfused with blood between levels D4 and D8 simnltaneoaily 
with perfusion of the pulmonary artery. At the end of the perfusion experiment the 
aorta and pulmonary artery were perfused with warm saline, at 160 and 30 mm. Hg 
respectively, for 6 minutes. The aorta was then injected through the same »^nnl4 
with 40 per cent, barium sulphate + 1^*6 per omit, gelatin mixture, at 150-^00 mm. 
Hg for 10 minutes at 40” C. After refrigeration to enable the injection mass to set^ 
the lungs, aorta and oesophagus were separated from the thoraoio parietal and each 
part radiographed by the method deecribed in the text. 

Fig. 2.—^The vascular bed of the thoraoio parietes. Fig. 2a. —the bronchial 
vascular system of the longs, with the aorta (lower left) showing vom vcmrem and the 
OBsophsgui (lower right) showing injected vessels. 

PtATKS 26 AND 26. 

Ftos. 8. 3a. —Dog. 18<0 kg. Radiographs of lung-thoraz-oesophagus perfusion prepara¬ 
tion, finbeequent to the double perfusion experiment the aorta and pulmonary 
artery were perfused with warm saline, at 100-160 and 30 mm. Hg respectively, for 
0 minutes. The aorta was then injected with barium sulphate-gelatin mixture, at 
140-600 mm. Hg for 9 minutes at 40” C. The lungi and aorta -f oeeophagns were 
separated from the five intercostal spaces of the preparation. 

Fig. 3.—^Radiograph of thoraoio parietes. Fig. 3A.^Radiograph of the lungs 
with the aortlo and oeeophigeal segments below. The oesophageal arterial twigs 
from the aorta stand ont dearly. 

Plats 27. 

Fia. 4.*Dogi 12-0 kg. Radiographs of Inng-oasophagui perfushm preparation, oesophagus 
above, aorta and Inngs below; the right Mnu oardiaeua has been removed. Subse¬ 
quent to the double p«fiuioa experiment the aorta was perfused with warm saline, 
at 100-200 mm, Hg for 4 minutes. The pulmonary srtery was not perfused with 
saline. The aorta was tiun injected with barium sulphate-gdatin mixture, at 200- 
MO mm, Hg for 12 mlautos. After refrigeratloa the (esophagus was separated from 
the lung^ and aorta, and the aorta raised to show the origin of the bronchial arteries. 
Hie oesophageal segment is shown at the top of the radiograph. 
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Pun 28. 

Fn. 8.—Do(b 18*0 kg. Radkignph of iKdfttsd hiQg perfuian prapuatkai. ■ Ounuda 
wm iawrted into the polmonuy wtciy, tito ijglit peeteilor braMhial arteiy ud • 
Mgincat of the Mito which gave origin to two 1^ pceterioc branohiol wteriia 
SimnlUiieou peifaiioo of the pnlmoou; and bioiwhial erterici wm then oairied 
ont. At the end of the experiment the bronohial eiteriae wefe injeeted with bbmiith 
oxychloride 20 per cent + gelatin 11 per oent., at 400 nun. Hg for 10 ndnutei at 
tfi’C. blood veiiele wen not waahed through withealine. Afterrafrigention the 

aortic segment was nmoved and the preparation radiogiapheiL 

Fun 29. 

Fia. 8,—Radiogtaph of bronohial arterial remels (injected with bismnth oxychloride- 
gelatin) lying in the iigamm/um latum pubuouaU between the right diaphngnwtio 
and intermediate lobe. From the same pnpantioa as shown in fig. 0. 

Fia. 0.—Fhotofflktognqjh of portion oi bronohial wall showing blood Tease l s passing 
through the muscle mesh. From the oential portion of the left dlq>h(agmstio lobe 
of the same preparation u shown in figs. 0 and A X 00. 

Fio. 10.—Photomicrograph showing bronchial arterial branches entering the bronohial 
submucosa. From 20'0 kg. dog, right diaphragmatio lobe. Carmine 3’0 per cent, 
-f gelatin 11 *8 per cent, injeeted into the aorta at 80 mm. Hg for 10 nunntesat40*C. 
Friw to the injection the aorta wae perfused with warm aaline at 80 mm. Hg. Section 
unstained. X 80. 

FiO. 11.—Fhotomkngraph of a nerve bundle with a bronohial arterial btsnoh grannlar 
in appeaianoe, situted at “ v. o’cknk ” just within the nerve sheath. The nerve 
lies in the adventilis of a bronohial tube 2 mm. in diameter. From lung-tesophagos 
perfusion pr^atatitm, dog 12’0kg„ upper margin of bft diaphragmatio lobe. Snbse- 
qucot to paifaaioQ with warm aaline at 120 mm. Hg for 8 minutes, the thoisoio aorta 
WM injeeted with barium sulphate-gelatin at 2(X1 mm. Hg for 10 minutee at 4D* C. 
X 100. 

Fu. IL—Photofflkrognpfa showing in the centre of the field a nerve fianked by two 
Isonohial arteries. From same pnpsration m fig. 11. x 00. 

no. 18.—Photomiorognph of branehial arterief (blaok) in the walls of a bronchial tube. 
Luag-thorax-OBsophagns perfusion preparation, dog 9*8 kg., proximal portion of left 
diaphragmatio lo^ Snbaeqnent to perfusion of the aorta with warm saline the thoraeio 
aorta was injected with warm barium suiphate-gelatin for 0 minutee at 400 nun. Hg. 
X 17. 
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A Study of ike Oruuiaoean Heart Muscle. 

By J. J. IzQUiSRDo (Mexico). 

(Commonicmted by E. D. Adrian, P.R.S.—^Received January 2, 19S1—Revised 

August 5,1931.) 

(From the Marine Biological laboratory, Plymouth.) 

It ifi remarkable that although nearly a century has passed since the attention 
o| physiologists was first attracted to the crustacean heart (Weber brothers, 
1846). the available data which have aooumulated on its activities are very 
scanty. It was with the aim of acquiring wider and more aooorate informa¬ 
tion that the present investigation was undertaken on Afatd aptinado. 

Methods. 

The Heart Petfused in situ. 

Inspection of tlie exposed heart of Mata shows at once why it collapses if 
the tension, to which the organ is submitted in its normal position, is sup¬ 
pressed by severing in turn its radiating ahe. The organ, thus excised, cannot 
be suspended from one of its arteries because these are not resistant enough* 
Therefore, for establishing connection with the recording lever, ligatures at 
the anterior and posterior segments are necessary. Of these one can be made 
BO as to include the cannula for perfusion. 

Frequently the heart of Mata has been merely exposed and moistened from 
time to time with a few drops of sea-water (Clarlson, 1966; Hofimann, 1911 ; 
Polimahti, 1913; Mangold, 1924-25; do Boer, 1928). But from the 
irregularities in the tracings published, or the definite statements made by the 
authors, it is clear that the heart soon gets into a bad condition. Even when 
more or less long series of regular beats are found, anomalous beats occur 
(see fig. 1), ».c., “ fractioned systoles ” (de Boer) which, as the “ wiry ” slow 
beats described by McWilliam (1918) in the damaged mawimAlian heart, 
testify to the abnormal character of the conduction. The considerable alovrixig 
of the exposed and empty hearts also constitutes evidence against the use of 
this method. For the present research the heart has been alwa3rs perfused 
ui situ. The method used is as follows :— 

The limbs having been removed, the heart or ‘‘ ventricle ’’ was easily e3qK>8ed 
by exoiimg a large circular portion of the chitinous carapace covering the 
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oaidifto legioD. In doing this, cue wu taken not to damage the aabjacent 
pigmented dennis and perioaxdiom. The whole body of the Jfow was then 



Fio, 1.—“ FraotioBed " or ‘Sriiy ” beato reealtiiig bom Impaired oondaotion in eapoaed 
Jfaia beftrtip l«lt mpty withoni perfiuioii. Time interyals in Moonde. 

tied down npon a heavy round plate; the pericardial roof duBected off, and 
the pericardial cavity flushed out with the perfusing fluid. 

An incision was made on the middle-line of the posterior part of the ventral 
sheet of the pericardium and through it a ligature was passed round the superior 
abdommal or posterior aorta and used to tie in position a glass cannula in 
relation with the perfusion apparatus (fig. 2). 

It is often pointed out that sea-water, although having approximately the 
same osmotic pressure as crustacean blood, contains about six times more 
magnesnmi (MacCallum, 1910). This notwithstanding, it has been repeatedly 
ascertained that the heart of a large number of decapod crustaceans continues 
to beat in this fluid (Cwlson, 1906; Polimanti, 1913; Hogben, 1926; Bain, 
1929) and that the nerves of Maia will keep alive and in good condition in it 
for many hours (Levin, 1927). Neutralised to a proper pa. Mines (1912) 
found in it an excellent perfusion fluid for the hearts of some elasmobranohs. 
Other fluids which have been proposed, containing only Na and Ca ions (Hog¬ 
ben, 1926) are inferior to sea-water in that they ate not buffered. According 
to this author they are able to maintain the rhythm only for 2 hours or mote, 
and after the first half hour of perfusion it becomes extremely difficult to repro¬ 
duce the effects resulting from ionic changes, as observed in the fresh heart. 
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If due attention is paid to pressure, sesr'water indeed proves to be a satia- 
iaxitary medium for keeping the hearts beating in such good oondition that 



Fio. 2.—^Doriftl yiew of the heart of Maia oxpoeed and prepared for perftoaicm (Mmi- 
•obematio). 1, antero-lateralala ; 2. poetero-latferal ala ; 3, posterior ala (aeotloiiod); 
4 and 6, anterior and poeterioir otitia; 6, Baperior abdominal artery with 1, oaimnla 
in position; 8 and 9, antennary and ophthalmio arteries; 10, point where the hook of 
the recording lever waa attached. 

many of the effects obtained are reproducible for many hours, even more than 
10. No attempt was, however, made to find out for how long they would have 
kept beating. 

Sea-water, from outside the breakwater of Plymouth Sound or from the tanka 
of the laboratory, was sometimes used in its original state about 8-2) for 
perfusion, but more frequently it was previously brought to the range of 
neutrality by carefully adding diluted HCl, Where special hydrogen-ion con¬ 
centrations were required, diluted HCl or NaOH was added to obtain the desired 
Pq, which was roughly determined by using Clark and Lubs series of indioatora 
and standard chart (Clark, 1922). When a greater decrease in the hydrogen, 
ion concentration than the one covered by these indicators was reqniied— 
namely, to about 10 *2—^first the NaOH eolation was added till a persutent 
T p<tgnpidum precipitate began to appear, and the some amount again to reach 
the middle of the step in Haas titration curve (Haas, 1916). The was than 
checked against phenolphthalein and alizarin yellow Q standarda (Atldns and 
Fantin, 1926). Samples of the outflowing fluid from the cannula were taken 
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ftt the sUrt end after the end of each experiment^ which usoally gave the same 
j 9 g. Before each experiment a current of air was kept babbling through the 
■ea-water. During the experiment, the air bubbling through the tube of the 
Mariotte bottle—^whioh in addition served to regulate the pressure and flow 
of perfusion—also kept the fluid aerated and constantly mixed. The pressure 
was regulated (at about 100 to 120 mm. sea-water) by adjusting the sorew- 
clamp on the rubber tube leading from the Mariotte bottle, or by changing the 
height of the Mariotte bottle or of the tube in its interior. All experiments 
were made at room temperature (10° to 16° C.), kept fairly constant during 
each one of them. About 80 preparations were used, during the months of 
September and October, middle-sued hard-shelled specimens, which gave the 
better results, being preferred. 

As there is evidence showing that perfused organs do not come into equili¬ 
brium with their new environment before about half-an-honr, no experiment 
was made before perfusion had been going for this time. 

The AfiUfiar SegmerU Preparalxon, 

A quiescent preparation of the ventricle is easily obtained in the lower 
vertebrates by making a first Stannius ligature. In Maia heart, in which 
we do not know with certainty where the beat originates,* this is not applicable- 
A few attempts to get information about this point showed that, after making 
the most varied sections upon the heart, evqry one of its segments was seen to 
beat spontaneously, especially if perfused with alkaline fluids or put under the 
tension of the recording lever. The method which finally was found to give 
better results consisted in making a complete transverse circular cut passing 
just in front of the postero-dorsal pair of ostia which separated the heart into 
two halves. The anterior one, which will be called in this paper the anterior 
segment preparation, often remained quiescent sufficiently long for experiments 
which nmlcd the elimination of the spontaneous beat to be carried out. 
Occasionally the posterior segment served better for this purpose, 

Reooriifig and ^imdating ArrangemetUs. 

For the earlier experiments a light isotonic lever, amplifying the movements 
about 10 times, was uaed.f Subsequently it was replaced by a calibrated 

* Tor heutB in which conduction is >bnormsJ, it hat been reported to ♦■sit e origin in the 
anterior segment (Mangold, 102S, 6). 

t The slight kick noticeable in some of the isotonic recces, at the end of the systollo 
asoent, is due to the inertia of this lever. 



S33 


Study of CruataoMn Heart Muscle. 

tonion-wiie isometric lever. The least possible initial tension compatible 
with the securing of good records was used, generally from 2*0 to 3'6 g.; 
more exceptionally below these values, to 1-3 or above them to 6-0 g. In 
either of these coses the lever was attached to the heart by means of a fine 
fish-hook. 

To record the contractions of the ventricle perfused in sUuy this hook was 
generally fixed in the position shown in fig. 2, midway between the dorsal 
antero- and postero-lateral al», but anchored not on the very border of the 
organ but well below it, almost on the ventral cardiac aspect. In this way the 
systoles were recorded as upward movements. It should be noted that under 
these conditions, not only the movements of the segment between the neigh¬ 
bouring insertions were recorded, but also those from other parts of the muscula¬ 
ture, which were transmitted to all the points of the cardiac walls by the 
fluid filling the organ. 

The contractions of the anterior-segment preparation wore recorded with 
the hook fixed more or less on a middle point of the sectioned dorsal aspect. 
By doing this, a fairly uniform tension was applied to the segment, which 
prevented it from collapsing. 

For stimulation, break induction-shocks were exclusively used, from one or 
two induction coils. The make-shock was short-circuited by using a Palmer’s 
rotating contact-breaker. 

For recording only the moment at which break-shocks were applied, a 
modified form of an ordinary electromagnetic signal, included in the primary 
circuit of the coU, was used (see fig. 3). 

The faradic stimuli were always applied by the monopolar method. The 
small hook of the recording lever was connected with one of the terminals of 
the secondary by means of a fine insulated copper wire, and was used as an 

L 


Fio. 3.—Qrdinaiy time-marker modified for registering only the breaks in tbs oomnt. 
The writing point Is replooed by a recording lever L. the position of which is nnsffeoted 
when the armature A is drawn at the moke, and is changed only when it ovenwings 
thzou^ its resting position, at the break. The upper edge of the slider 8, firmly 
fixed to A, Just touches the lever above. 
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active electrode. A small silver wire connected to the other terminal served 
as an indifierent electrode. 

Thus, the contractions were recorded exactly at the point at which the 
stimnli were applied. To have a greater concentration of current at this 
point, it was often found more convenient to keep the point at which the hook 
was attached well above the surface of the fluid outside the heart. 


A 


B 


C 


D 


E 


F 


K-' 


Ro. 4ir—liotoiuo reoordfl of-the oAtural heart beat of Maia with varying perfiisioii pres* 
•aws. A was taken when the heart was empty, and sections B to G, when prasors 
177, 232, 570 and 764 nun. of sea^water, respectively. Umo intstvals in 
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Results. 

EffetAs of the Perfusion Pressure upon the Frequenoy of the Heart. 

The influence of pressnie has been noticed before by Carlson (1906, a) and 
by Mangold (1924, a), who noticed that the exposed Ifatd heart beats very 
slowly when empty, and more frequently and regularly when filled, but no 
numerical relations were established. Perfusion alone is not enough to main- 
tain the heart beating regularly and at ** normal ” rate. If the perfusion is 
made xmder pressure of only a few millimetres of sea-water, after a sufficient 
time the rate of beating slows down considerably to about 8 to 12 beats per 
minute and abnormal beats are seen among the normal ones. If then the 
pressure is gradually raised at regular intervals of half to 1 minute, as the 
ventricular volume becomes bigger and bigger, the frequenoy of its natural 
rhythm is also observed to increase (see tracings in fig. 4). Up to a pressure of 
100 to 100 mm. of sea-water the increase is so rapid that the frequency becomes 
two to seven times greater than the initial one (see curves A, B and C in fig. 5). 
It should be noted that this range of pressure agrees witii the figure of 12 cm. 
of water given by Brlicke and Satake (1913) as the value of the arterial pressure 
of a close related species (lobster). From that limit, with further increase of 
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praaauie, the frequoacy rises much more dovly and beyond 600 mm. it may 
rather decrease. Another type of response to the rise of pieuuie is presented 
in corves E and F of fig. 5. The rate of beating rises and the step is only 
reached when the pressure has attained 400 to 600 mm. This was the type of 
response obtained when the pressure effect was tested upon hearts which were 
still contracting at a rapid rate after the perfusion pressure has been already 
reduced (curve D, fig. 5). 

It would be desirable, therefore, to investigate the relation between the 
systolic energy of contraction and the length of the fibres of Maia heart 
(volume). This is still more interesting because it seems that in Maia, venous 
pressure cannot be the factor determining the initial filling of the ventricle 
as in the mammalian and frog’s heart. 

The AU-or-none Law. 

New evidence about the way in which the magnitude of the contractile 
response of the crustacean heart changes with variations in the intensity of the 
stimulus is needed, since the results of Hunt, Bookmann, and 'Tiemey (1897) 
were contradicted by Carlson (1906, o). The increasing height of contractions 
with increasing strength of stimulus, observed by Hunt and collaborators, was 
considered by Carlson as only obtainable from greatly fatigued preparations, 
but not in preparations in which excitability and conductivity are only slightly 
impaired. These, he reports, "will respond with a contraction of uniform 
strength to stimuli of increasing intensity within a wide range.” 

Fresh anterior segments prepared after the end of half-an-hour perfusion 
with neutral sea-water were used. They were stimulated at regular intervals 
with break-shocks from a Harvard induction coil with no iron core. At the 
beginning of each experiment the secondary was moved up to the position 
where the break-shocks would just evoke a response and left without altering 
this preliminary setting during the whole experiment. As in a coreless coil 
the intensity of the current in the secondary is proportional to that in the 
primary, which was progressively increased by removing resistances in it, 
the primary current was measured with a Crompton amperemeter and used 
to express the intensities of the faradic shocks. A series of isometric responses 
from one such experiment is reproduced in fig. 6. For every group of five 
stimuli of the same intensity, the current strength is indicated below the 
intermediate marks. As the intensity of the shock is very gradually increased, 
the response grows only in iteps, sometimes of one sise, sometimes of another, 
with the limitation that for each group of similar stimuli there is certain 
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progreuiTe alteration in the sizes (tension) of the beat, due, as will be shown 
later, to the improving effect of repeated stimulation. The bigger increase 



Fio. 6 . —leometriu responM of Maia heart (anterior<»egiJicuit preparatioi]} to hreak-shoolui 
of inoTMuring strength from a oorelesa coil, with its secondary kept at 3 cm. distanoe 
throughout the experiment. The intensity of the primary current is increased at 
each big mark and kept constant at the values written between each two of them. 
Preparations made after 40 minutes perfusion with sea-water pn 7'1 at 11*8° C. 
Time marked in l-aeoond and lO-second intervals. The lower record is an immediate 
continuation of the upper one. 

at the beginning of each group is clearly the result of the longer pause preceding 
it. The steps reach finally a perfect definite value-in fig. 7 they have been 
plotted in percentages of the maximal response—beyond which stronger shocks 
rather produce a decrease in the response, in a manner similar to that observed 
by Prohlich in frog's muscles. Coincident results were obtained by reversing 
the order of the experiment. 

In view of well-known evidence (Lucas, 1905-1907 ; Mines, 1913; Pratt, 
1917 ; Hartree and Hill, 1921) the explanation of these results is that they are 
due to a continuously increasing number of muscle fibres, indirectly or directly 
stimulated. The heart of Maia deviates in this respect from the frog's heart 
(Bowditch, 1871). It is more similar to the skeletal muscle of vertebrates, in 
that conduction docs not spread over the whole heart. 
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Fio. 7,—ReUtion between the muimani tenewo developed in the reeponee of Jfaie heart 
end the atrangth of the bfeek'Shooke evoking It. 

iVofure of CorUraetioH of llaia Heart. 

The only published eleotrocardiograms of Maia ue those that Hoffmann 
(1911) obtained by leading from electrodes placed upon exposed and empty 
hearts which, as I have demonstrated, are under very abnonnal conditions. 
What is said above is enough for interpreting them as forms of “ dissociated 
systoles.” The suspicion about their abnonnal character grows stronger after 
considering that the features of the electrocardiogram recorded by Clark (1927) 
in a closely related species (lobster) are the same as observed in the lower 
vertebrates. Nevertheless, the conclusion based on those tracings, that the 
normal contraction of Ifata heart should be considered as a tetanus, still 
prevails in physiological literature (see Clark, 1927). 

Apparatus for taking an electrocardiogram of Mata was not available at 
Plymouth. Some, however, of the experimental evidence to be dealt with in 
the next two sections of this paper, is very much against the tetanic nature of 
the normal contraction of Ifata heart. The refractory period, coveting the 
whole heart (a) was alwa 3 rB found to be restricted to the beginning of the 
rise of tension, and (6) was immediately followed by a period during which 
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the heart responded with contractions of progressively growing size. These 
phenomena are inconsistent with the idea of a tetanus. 

The R^ractory Period. 

As a fair number of investigators—a list is given in de Boer’s paper— 
beginxiing with the brothers Weber (1846), have continually reported that the 
contraction of the crustacean heart is not followed by a period of refractoriness, 
it is not surprising to find that this view is still the one prevailing in current 
physiological literature. Only Carlson (1906, b) suspected a condition of 
greatly reduced excitability, which he considered of an inferior degree to the 
one observed in the vertebrate heart, and de Boer (1928), more recently, reported 
that Maia heart is in a refractory state from the beginning to the end of 
systole. 

In investigating this point I have made, upon curves from 34 different prepara¬ 
tions perfused at pn 7*0 to 8*2, measurements of the intervals after which a 
strong break-shock, well above threshold, falling after a previous similar one— 

(a) fails to provoke a response (absolute refractory period); 

(h) produces a response which just interrupts the path of the curve, probably 
because it is not propagated (relative refractory period); and 

(o) begins always to produce a response (period of responsiveness). 

The intervals were measured from the two marks of the signal magnet 
showing the momenta at which the two break-shocks are sent in« Either the 
whole heart, or the anterior segment preparation, was driven by rhythmic 
break-shocks, and another extra shock was made to fall every few beats at 
different moments of the cycle. A curve from one of these experiments, from 
a heart driven at 0-82 second intervals, is reproduced in fig, 8. The first four 
extra stimuli fall 0-20, 0-34, 0-36 and 0-18 second after a rhythmic shook 



Ito. 8.—JfoM heart driven at 0-82-seooiid intervals. An sdditioDal extra shook U thrown 
In a* diiknat momenU ol the oyole for the purpose of inessuzing the retaotoi^ 
FlHfonon pmnue 1S8 mm. sea-water; Pb 8-1; 16*8^0. l^me in ssoonds. 
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and ptodace a responAe; the fifth, ooming after only 0-16 sec<md, falls within 
the refractoiy period and piodnoes none. One hundred meaBuiementa, includ¬ 
ing only the maximal intervals for no response, obtained from eight different 
hearts, ore plotted in fig. 9. The close coincidence of the two maxima of 
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Fio. 9.—Distribution ourves upon the same time-scale of 100 meftsnnments from eight 
different hearts, for maximal intervals for no reaponse (broken line) and least intervals 
for localised (oontinuouB line), and fall response (dotted line). All observations made 
between 14'S° and 61-fi** 0.; pn 7'0-8-1, and perfusion prenure 80-128 mm. sea¬ 
water. 


distribution of the maxima] intervals for no response and the least intervals 
for an incipient response give 0-165 second as the average limit between the 
absolute and relative refractory periods. The distribution curve of the least 
intervals for full response reaches its maximum at 0-205 second. This may 
be taken as the end of the relative refractory period—therefore of about 0-04 
second duration—and the beginning of that of full responsiveness. The total 
period of refractoriness is about 0*2 second. 

A certain error must be admitted in these measurements, dne to the fact 
that they were taken iirespootively of their position in the cardiac cycle. But 
this cannot be great, because other measurements obtained by psun of akocka 
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given to anterior segment preparations every 10 seconds (see records in fig. 12) 
gave essentially the same results. 

Applying these last measurements to one of the time-tension carves (see 
fig. 10), we arrive now at the new notbn that the refractory period of Maia 



Fm. 10.—To illustrate the position and relations of the lefraotoiy period (white line) 
within a singls heart oontraotum. The onrye is taken isometrioally npon a quickly 
revolving drum. Time intervals, cuie-fifth second. 

heart represents about one-third of the time during which the tension rises and is 
kepi high. If the contraction is drawn out, then the fraction occupied is 
proportionally less. 

jifaia heart is therefore far from having the extraordinary long refractory 
period which in the vertebrate heart overlaps the time of maintained tension. 
Compared with frog’s skeletal muscle, however, its refractory period is notably 
longer. 

Compensatory Pause, 

A direct consequence of the existence of a refractory phase in a rhjrthmically 
contracting heart is the production of the so-called “ compensatory pause.” 
The necessary condition for this is that an extra shock should be made to 
precede one of the rhythmic stimuli—natural or farodic, this is immaterial— 
originating the beat by an interval slightly shorter than the refractory period. 
This being long in the frog’s heart, the efiect is easy to obtain with relatively 
long intervals. In ifaia it is evident, on the one hand, that the extra shock 
must be thrown in with an anticipation of less than one-fifth of a second; on 
the other, that the slower the rhythm the more inappreciable will appear the 
shortening and enlarging of the cycles before and after it. Relatively long 
compensatory pauses are only obtained when the heart is driven at such a 
rapid rhythm that the refractory period covers a good part of each cycle. For 
example (see fig. 11) in a heart driven at 0*3 second intervak—consequently 
in undulatory tetanus—after an extra shock falling 0*16 second after the 
rhythmic stimuluB 2 produces a contraction E, the next rhythmic shook 3, 
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ooming 0*14 Beoonds Uter, finds the hesvt izrasponsive. The oompenwtoiy 
peuse of 0*44 second following the extra shook is aooompaniedhy a notable fall 



Ito. 11.—To iUustimte oonditimu under which oompansstozy pauses are demonstnUe in 
the most oonipiouons way. The heart wae diiren at 0*3S-aeomid interrals, whOa 
pe rfu sed under pressure of 188 nun. sea^water, S-l. tempentnn 1S*V* OL lAa 
extra ebook be t we w i stimuli 2 and S ptodnoea an extra beat B which is lollowed fay a 
orenpenaatory pause. The beat following shook 4 is rektively larger on aooanat of 
the more pitdonged zest. One-aeoond intervale. 

of the wxiting lever. The best following is larger Aon the othere beeauee As 
mwsole hoe had a longer rest. The duration of the shortened period and the 
oMupensatory panse, added tt^ther, ate equal to that of twoxhTthmio periods. 
The analogies with the Maiey’s phenomenon are complete (Mazey, 1876). 

As de Boer (1928) used extra shocks, spaced at longer intervals from the 
zhythmio natural stimuli of the beat, this e^lains why he did not suooeed in 
ptodnoing compensatory pauses. 

Seooverg after Coniraetum. 

The gradual return of contractility after the end of the refractory period 
was dosely followed by using essentially the method originated by 
and used by Bomstein (1909) and Adrian (1920-1921) for the frog’s heart and 
by Hartree and Hill (1921) for the frog’s sartorius. 

As it was necessary to avoid the disturbing influence of fresh spontaneous 
beats, quiescent anterior segments prepared after the routine half-hour per¬ 
fusion, as described above, were exclusively used for the purpose. They were 
found to yield consistent results, at least during the first half-hour which 
followed. Usually it took only about 16 to 20 minutes to get a safBoient number 
of points for plotting a curve. Not rarely, points taken within an hour’s time 
were found to fall upon the same curve, but espeoialiy after arid petfnrion— 
we shall msist upon this immediately—the speed of recovery was found gradually 
to decrease as time passed. 
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As for the measnrementB of the refraotorj period, pain of strong hreak- 
shooks, well above threshold to insure a response, were regularly sent in, at 
oonstantly increasing intervals (see fig. 12). In a first series of experiments 








Fig. 12.—Reoordf Bhowing the variAtion in size (Ummon) of a sooond response of Jfata 
heart to a maximal shock as this is thrown in at progressively longer intervals after 
a first one. Before making the anterior segment preparations roqnliod (see text), 
hearts A, B, 0 and D were perfused with sea-water of pH '2,0 *3,7 ■ 1 and 9*8, respeo- 
tively, at about 14*0° db 0*5° 0., and 110 mm. sea-water premiun. Time intervals 
in seconds. 

intervals up to 30 seconds were used; but, as it was constantly found that 
after 5 or 6 seconds the sue of the second contraction did not show any 
important variation, other than those due to the probable error of the method, 
in this particular application, ±5*0 per cent., 10 seconds was fixed as the 
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rootine muTimal interval for investigating the variation of the second response. 
Besponses begin to occur at the earliest possible moment after the end of the 
refractory period, therefore well before the first mechanical response had 
developed. The tension added by the second response, as well as the exact 
moment at which its maximum occurred, were found by subtracting the 
ordinates of the tension curve of a first response, from those corresponding to 
a second one, as done by Hartree and Hill (1921). 

Altogether the experiment has been repeated with good results in 30 different 
preparations perfused with sea-water of pa tanging from 6*2 to 10'2. As it 
has been said that the heart of Maia “ will stand ’’ (Ritchie, 1926) or “ still 
function well in a fluid with 4-0” (Clark, 1927), perfusions with such 
extremely acid fluids were tried, but were found unsatisfactory. Nine hearts 
perfused at pa between B*1 and 4*0 had to be rejected because they had 
lost their excitability even before the anterior segment had been prepared. 
Only two preparations ont of six perfused between pn ^*4 and B-2 could be 
used for mapping out complete curves, because of the same decrease of 
excitability and the sluggishness of the contraction. So far, the extraordinary 
resistance of the crustacean heart towards very acid perfusion fluids has not 
been verified. The limiting acidity with which the ventricle of Maia can be 
in equilibrium without undergoing rapid changes is much about the same as 
observed for the frog’s heart, vis., about pg 6*2. But it is fair to add that 
Hogben’s statement, which seems to be the basis for the views expressed above, 
was made for changes " detectable after 6 minutes’ perfusion ” (Hogben, 1926), 
a period of time after which it could hardly be admitted that any perfused 
heart is already in equilibrium with the medium (amongst much other evidence 
which could be quoted, see Isquierdo, 1929). Instead, how well the Maia heart 
stands perfusion of an extreme alkalinity, up to pa 10*2, can be appreciated 
from the fact that only three preparations perfused between pu 9*7 and 10*2 
had to be rejected (out of eleven) and this was only because they went on 
beating continuously and were therefore useless for the experiment. 

The set of curves reproduced in fig. 13 shows how, by subtracting the 
ordinates of the two double tension-curves for a single maximal shock (I) and 
for two maximal shocks (II), superposed, the third curve (D) giving the 
mechanical response produced by the second shock was constructed. By 
plotting the maximum tension produced by each second response against the 
corresponding interval between the two shocks, as in fig. 14, when the perfusion 
has been with neutral or alkaline sea-water, a gradually rising carve is obtained, 
with the general characters of the known recovery carves of excitable tissues. 
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Fig. 18.—Superimposed isometrio trsoings of the responiee to a single shook (I) and to a 
pair of maximal break-shooks (I and It) given at progressively inoreasing intervals. 
Curve D obtained by subtracting the height of the ordinates of 1 from the oorro- 
sponding anes of 1I» represents the tension added by the second response. Before 
making the anterior segment prepoiationt the heart was perfused under a pressure of 
10 nun. sea-water; pv. 6*3, 14*8° O. 


As a matter of fact the curve does not deviate very far from Adrian's curves 
for the frog’s heart (Adrian, 1920-1921). The time relations are very close ; 


within 3 to 4 seconds of a previous con¬ 
traction a new response is already as 
big as the first one, except after per¬ 
fusion with a very acid fluid at about Ph 
6*4 in which case the normal value is 
reached only after 6 to 8 seconds. But 
the evolution of the curve beyond this 
point is somewhat different in Maia 
heart. The hearts, not only of the frog 
[as is evidenced by tracings of Bowditch] 
plotted by Mines (1913); of Adrian (1920); 
of Fiddes (1928) and many others, but 
also of elasmobranchs [as shown by 
records of Mines (1913)] from this stage 
pass through a supernormal phase, 
demonstrated by Adrian (1920-21) to be 



conditioned in the frog by an acid per¬ 
fusion at about pu 6-3. In 11 prepara¬ 
tions of Maia hearts perfused with 


Interval between thocke (seconds) 
Fig. 14. —Relation botweon the teoBioii 
developed by a second shook and the 
interval after whloh it follows the 


sea-water of 8-3 to 10*2 no super- first one. The tension developed 

.'n.n.ai pjiase WES observcd, but the curve ^ *»«« *«»««* *«>» Uke 

. ^ 1 /vn ^1 thoM in flg. 18 (mo text), 

settled at onoe to the 100 per cent, value. ^ 


After perfusion of 14 preparations with sea-water of ^*2 to 6*4 the 
a-riefarniw of E Bupemormal phase was very questionable and, at any rate. 
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much less marked than in the (rog’s heart. This seems to constitute an 
important diSerenco, 

Sumnalion of CmUrad%on$, 

Carlson (1906, b) reported that a stimulus which reaches the crab^s ventricle 
at the bcgioiiing of the systole, or rather not at the very beginning,” produces 
a superimposed beiit. de Boer (1928) in a more recent series of experiments 
on ilfaid heart, found it impossible to produce summation. This must be due 
—as he says—to the methods he used, because, as would be expected from 
the time-relations between the contraction and the refractory period 
presented above, it will always be possible to obtain summation if the 
second stimulus is made to follow within, say, one- or two-fifths of a second 
after the refractory period. In other words, the least interval for summation 
slightly exceeds the value of the refractory period, and the maximum interval 
for summation is just shorter than the period of maintained tension. Further¬ 
more, summation in the Mata heart seems to be favoured (o) by the fact that 
a twitch provoked even by a maximal faradic stimulus does not develop the 
maximal tension which it is capable of developing, and (6) by the shortening of 
the latent period of the second response. I have already said (see p. 239) 
that the distance between each pair of shocks was measured between the 
marks of the magnet-signal and not between the rising limbs of the two 
responses, because within certain ranges of time these appeared to be shorter. 

The three sets of figures below ate illustrative of the changes observed with 
remarkable constancy in all the tracings (the same recording system bemg 
used) 

1, Main fimt Perfluod with Soa-wator of pH 6 • 3. 

Interrala batween the marka. 0 35 0-47 0-76 0-98 1 04 1 62 1'96 2-63 3-08 3-36 

Interrab between the beginning of the 

cwponaei . 0-18 0-28 0 85 0-75 0-83 1<55 1*89 2*55 3 0 3 36 

2. Maia Heart Perfused with Sea-water of pH 7 • 1. 

Intervals between the morki. 0*24 0*34 0*55 0*93 1 08 1-30 1*78 3*58 3*34 3-37 

Intervals between the begumlDg of the 

nsponses . 0*17 0*31 0*38 0*81 0*93 1*12 1*66 2*51 3*17 3*30 

8. Maia Heart Perfused with Sea-water of pn 10 * 2. 

Intervab between the marks. 0*38 0*40 0-57 0*84 1*35 1*76 3-08 2*36 3*07 3*29 

Intervals between the begLnning of the 

''wepemaei . 0*28 0-82 0*50 0*77 1*14 1*71 3 04 3*33 8*04 3*23 

The effect is clearly greater the shorter the intervals considered, and it is 
very interesting to discover that for intervals longer than approximately 8*3 
seconds the effect has disappeared and the two measurements are found to 
ooincude. This close coincidence m time with the recovery curve indicates 






247 


Study of Crustacean Heart Musde. 

that it viiut be related to the effects of a previous stimulation, which probably 
facilitates the speed of propagation of the ezcitatoiy prooess and quicker 
development of tension. 

The olasaical view with relation to the frog’s heart or other excitable tissues 
has been that the latent period of a second response is always longer than that 
of a previous one. Trendelenburg (1911) questioned some time ago the long 
latencies reported by Lucas (1913), and Fiddes (1928) has insisted that the 
second meohanioal response can be preceded by a latency as short as, if not 
aliorter than, the first one; and especially that of some of the very long 
latencies figured by Marey (1875) are obviously erroneous. In the present 
case, in view of the facts reported, no other conclusion seems possible than 
the one given. 

It dhould be noted that in hearts in which conduction has been dissociated, 
the “ fractioned systoles ” represent summated contractions of special type, 
which will not be analysed here. 


Tdanm, 

Ph 3 rBiologioal literature has for a long time contained references to the tetanus 
of Maia heart, but these have been confined to the statement that by faradisa¬ 
tion a tetanus can be produced (a list of authors is quoted by de Boer) which 
can rise higher or to the same level as an ordinary contraction (de Boer, 1928). 

If new stimuli are sent in at successive regular intervals of the length needed 
for summation (see above) up to the third or fourth, new successive steps of 
flummation are produced which, if continued, produce a tetanus (see records 
B to E in fig. 15). 

In the normal conditions of perfusion with neutral fluids, with stimuli at 
1 *8 to 0‘4-6coond intervals, steps for summation are clearly separated and the 
ensuing tetanus is ondulatory (see curves B and C in fig, 15). With intervab 
of 0*20 to 0-26 of a second, most frequently (see record D in fig. 15), but not 
always, complete fusion of the contractions is obtained. This last result is 
always secured when the faradic shocks are sent in at 0-08 to 0-12-seoond 
intervalB (see record E in fig. 15), which were the smallest used for tbis 
investigation. 

As the experimental rhythm is gradually quickened no point is reached in 
the series at which an abrupt drop to a half-rhythm is produced, as in the 
vertebrate heart (see Mines, 1913). The only constant result obtained is a 
more and more complete fusion of contractions, resulting from the more emd 
more protracted character of each one of its elements. This is again an 
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B 


C 


D 


E 


Fxq, 16.—To iiiurtrate the effects of high rates of stimulation. All the tracings, except 
aie taken from the esme Maia Imrt. Both hearts were perfused under pressure ol 
120 mm. sea-water ; pu 8*1; at about 14'6” C. A, B, C, D, E were driven at O-S, 
0*4, 0-8, 0*26 and O-lO-seoond intervals respectively (see text). Time iatorvals in 
seconds. 

important difference explained by the relative shortneBS of the refractory 
period.* 

* After perfusion with an add fluid at about pH ?-0--4-0 the contraotioiis are so sluggish 
that tetanus and very nearly furion of ocmtraotions are observed at intervals as long aa 
1*7 second. 
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Effects of Renewed ActivUy—Staircase Effect. 

The first response—either of the whole boating heart or the quiescent 
anterior segment—^to a regular series of break-shocks thrown in at smaller 
intervals than those required for the complete relaxation of tension, has a 
axe depending on its position in the recovery curve. But the next and follow¬ 
ing ones often grow larger and larger, in a staircase arrangement (see record A 
in fig. 15), well known in skeletal muscle. The same is still seen when the 
intervals are so short os to produce an undulatory tetanus (see record B in 
fig. 15). 

Often the effect is merely an artefact produced by fatigue (cf. Frohlich, 1906); 
the first stimulus after a pause finds the muscle rested and the contraction and 
relaxation are rapid ; after a few stimuli the onset of fatigue prolongs the rate 
of relaxation without at first diminishing the force of contraction. But also, 
frequently after an initial period of this type (see record A and B in fig. 16) 
the aiee of the contraction begins to increase and to exhibit at the same time 
indications of increased efficiency ” ; steeper ascent, more rapid and complete 
relaxation, beginning of the next beat from a more relaxed condition, and very 
probably decrease of the refractory period. I have said before that to produce 
complete tetanus, it is sometimes necessary to repeat the shocks at smaller 
intervals than those measuring the refractory period of the heart beating at 
slower rates. At quicker rates the effect was especially notable, as in fig. 15, b. 

Summary. 

The following new experimental evidence was secured with relation to the 
heart of Maia squinado. 

When the perfusion pressure is gradually raised, the frequency of the natural 
rhythm also rises in accordance with either one of two types of curve. 

The limiting acidity with which the heart can be in equilibrium without 
undergoing important changes is of about 5*^- Thus far, the statement that 
it can resist greater acidity was not confirmed. 

Break-shocks of gradually increasing strength evoke responses growing in a 
step-like arrangement towards a definite maximum. 

After an effective stimulation the heart passes through a period of total 
refractoriness of about 0-2 of a second, which only occupies approximately 
one-third of the time during which tension is maintained. This, together with 
the values found for the general characteristics of the contraction and the 
possibility of evoking summated contractions which follow a definite law, are 
much against the tetanic nature of the contraction. 
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Compenflatoty patues are better obeerved in hearts dxiTen at each quick 
rhythms that the refractory period is made to cover a considerable part of 
each cycle. 

A second break-shock falling at progressively increasing intervals after a 
previous onej begins to evoke summated contractions as soon as the refractory 
period is over. The recovery curve of the contractile power gave gradually 
rising curves, comparable to the Himilar curve for the frog’s heart, after neutral 
or alkaline perfusion. 

By repetition of stimuli of the same strength— 

(а) at intervals for which relaxation is not yet complete, the heights of the 
contractions rise in a true staircase arrangement; 

(б) at shorter intervals, new steps of summation occur, followed by undulatory 
or complete tetanus. 

Whether the high frequency of stimulation is reached suddenly or slowly, a 
drop of a half-rhythm is never observed—as in the vertebrate heart—^because 
fusion of contraction occurs earlier. 

I am indebted to Dr. E. J. Allen and the Staff of the Marine Biological 
Laboratory at Plymouth for their interest and assistance in carrying out this 
work. 


REFERENCES. 

Adrian, E. D. (1920). ' J. Physiol.,’ vol. 64, p. 1. 

Adrian, B. D. (1921). * J. Physiol.,* voL 56» p. I9S. 

Atkins, W. R. Q., and C. F. A. Fantin (1926). * Bloohem. J.,' vol. 20, p. 102. 
Bain, W. A (1929). * Quart. J. Exp. Physiol.,' vol. 10, p. 297. 
de Bow, 8.(1928). ' Z. VergL Physiol.,’vol. 7, p. 445. 

Bowditch, H. P. (1871). “ Ludwigs Arbetten ” (pub. 1872), vol. 6, p. 139. 

BrOdke, £, Ih., and J. Satake (1918). * Z. Allg. PhysioL,’ voi. 14, p. 28. 

Oailson, A, J. (1906, a). ' Amer. J. PhysioL,’ vol. 16, p. 367. 

Garlson, A J. (1906,6). ’ Amor. J. Physiol.,' vol. 18, p. 67. 

Csrlson, A J. (1906, c). * Amer. J. PhysioL,' voL 10, p. 86. 

Olark, A J. (1917). ’ Comparative PhysioL of the Heart,’ Oambridge Unlv. Press, 
dark, W. M. (1922). The Determination of Hydrogen Ions,” Baltimore. 

Fiddes, F. (1928). * Quart. J. PhysioL,' vol. 19, p. 243. 

Frthlloh,F. W. (1906). ‘ Z. Allg. PhysioL,’vol. 6, p. 288. 

Itass, A R. (1016). ’ J. Bio(. Chem.,’ vol. 26, p. 615. 

Hslt^e^ W., and A V. Hill (1921). * J. Physiol.,* voL 66, p. 389. 

HoSiiiaan, P. (toil). * Arch. Anat. Phyriol., Physiol Abtb.,’ p. 136, 

Hogben, L. T. (1026). ’ Quart J. Exp, Med.,’ vol. 16, p. 263. 

Hunt, Bookraann and Tierney (1807). Quoted by Oarison (1006, c). 

Il^iiterdo, J. J. (1929). ‘ J. Phynol.i* vol. 63 , p. 363. 



Potato Virus Diseases of Mosaic Group. 261 

Lerin, A. (1027). ' J. PhyaioL/ toI. 08 » p. 112. 

Luow, K. (1905). * J. PhyadoL,’ voL 88» p. 126. 

Luoaj, K. (1007). * J. Physiol.,’ voL 26, p. 103. 

Loom, K. (1013). * J. PhysioL/ vol. 40, p. 360. 

UMOalhim, A. B. (1010). ‘ Proo. Roy. Boo.,’ B, rol 82, p. 602. 

MoWilliam, J. A. (1018). ’ Proc. Roy. Soo./ B, voL 00, p. 302. 

Mangold, E. (1024). * Z. VeigL Physiol,,’ voL 2, p, 184. 

Mangold, E. (1026). ' Z. Vorgt. Physiol.,’ toL 8, p. 606. 

Marey (1875). “ Traraux du Laboratoire,” pab. 1876. 

Minos, Q. B. (1012). ' J. Physiol.,’ vol. 48, p. 467. 

Minas, Q. R. (1013). * J. Physiol,’ vol 46, p. 1. 

Trendelenbarg, W. (1011). ' PflQgs. Arch., Ges. Physiol,’ vol 144, p. 30. 

PolimanU, O. (1018). ' Arch. Anat. Physiol, Physiol Abth.,* p. 117. 

Pratt, F. H. (1017). ‘ Amer. J. Physiol,’ vol 44, p. 617. 

Ritohie, A. D. (1028). ** The Grunparative Physiol of MnsonUr Tissue,” Camlnidgs Univ. 
Press. 

Weber brothers (1846). ' Mttllor. Arch.,' vol 604, p. 483. Quoted by de Boer. 


632.8 :633.491 

On the Composite Nature of Certain Potato Virus Diseases of the 
Mosaic Group as Revealed by the use of Plant Indicators and 
Selective Methods of Transmission. 

By Kenneth M. Smith, U.Sc., PLD., Potato ViruB Reaeaioli Inatitate, 
School of Agricultuie, Univeisily of Cambridge. 

(Conununicatod by F. T. Brooks, F.R.B. —^Received Angust 7,1931.) 

[PuLTK 30.-33.] 

I. Introduction. 

In 1928 Bome experiments by the writer (1929) on the tiauBmuaion of a 
potato mosaic virus to tobacco revealed the curious fact that needle and aphis 
{Mysus persieid) inocnlation respectively, from the same mosaic affected potato 
plant, produced in tobacco symptoms charaoteristio of the mode of ttansmis- 
This phenomenon was the first definite evidence of the composite nature 
of potato mosaic diseases, although its exact significance was not at first 
realised. The following year a parallel set of experiments, carried out with 
the potato virus disease known ae “ crinkle,'’ revealed the same ph e no me non, 
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i.e., the production in tobacco of BjmptomB ohaiaoteristio of the method of 
infection (19S0a). In this case, however, althouj^ the disease produced in 
tobacco from the crinkle potato by the aphis Myaua peniea was similar to that 
prodoced by the aphis in the first set of experiments with mosaic potato, the 
parallel symptoms arising in tobacco by needle inoculation from the two sources 
were not identical. Valleau and Johnson (1930) also showed that the 
American potato disease known as “rugose mosaic,” probably the same 
disease as the above-mentioned crinkle, contained two viruses,'one of which 
they refer to as " veinbanding.” This is apparently identical with the disease 
produced in tobacco by the aphis in the writer's experiments. The other 
vims they call the “ healthy potato virus,” which is similar to that shown 1^ 
James Johnson (1926) to be almost universally present in American potatoes. 

In 1931 the writer published a short account of the results achieved in four 
years’ study of the composite nature of potato mosaic viruses, outlining the 
technique of virus isolation from a complex in the living plant, which is more 
fully described in the present paper. Later Koch (1931) published a statement 
of the results of work carried on in James Johnson's laboratory on rugose mosaic 
of potato, which appears to confirm the writer’s findings with “ crinkle.” 

A serious hindrance to the study of plant—^and especially of potato-viruses 
is the lack of any sound qrstem of classification. Hitherto, potato virus workers 
have been compelled to classify the disease according to the qnnptoms pro* 
duced on the potato, and this system has now proved entirely inadequate. 
No doubt it will be necessary for some time to continue to refer to certain 
potato diseases as “ crinkle,” ” mosaic ” or “ streak,” in order to describe a 
set of symptoms, but such designations really have no bearing on the actual 
viruses concerned with the production of those symptoms. The writer has 
found that what has been known up to the present as “ streak ” may sometimes 
consist of no lees than three viruses, while the potato Up-to-Date, well known 
as a “ streak "-carrier, almost invariably contains two viruses. 

James Johnson (1927) has attempted to classify plant viruses on a basis of 
certain physical properties, such as longevity in vitro, thermal death-point, 
tolerance to dilution and so on. Quanjer (1931) has recently put forward a 
system of classification of potato viruses based on the morbid anatomy of the 
plant. By restricting himself, however, to one method of vims transmission, 
grafting, and by the use of potato plants only in his studies, Quanjer 
failed to realise the composite nature of many of thd diseases with which he 
was working. The potato plant has only a limited range symptom expres¬ 
sion, and it has not a specific reaction for each and every vims. Itisnsceeanry 
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therefore, in order to make a comprehensive study of potato viruaes, to use 
other SolanaoeouB plants which will react differently to different viruses; such 
plants the writer has termed pta/nt indioatcfn. Again, it is necessary to invoke 
the aid of a q>eoific virus resistance eidubited by certain other plants in order 
to ^lit up a virus complex; such plants are referred to here as plotU fiUera. 
finally, by using more than one method of transmission, it is possible to prove 
the existence of a virus complex, and to obtain a “ pure culture ** of one virus; 
this can be achieved, for example, by making use of the selective powers of 
virus transmission possessed by the aphis vector. 

In the writer’s opinion, therefore, it is somewhat premature to attempt to 
classify potato virus diseases until these diseases have been analysed into their 
component viruses, and until there is sufficient evidence to show that a single 
entity only is under consideration. 

Acknowledgment is due to Mr. J. P. Doncaster for his assistance during the 
latter part of this work, and particularly for his help in taking the photographs. 

II. On a Technique of Virus Isolation from a Comjdex toUhin the Living Plant* 

The technique used in the separation of the various mosaic viruses affecting 
the potato plant is based upon a number of observations made by the writer 
in the course of his studies upon potato virus diseases. These methods of virus 
isolation fall into three groups and separation was effected in the following 
ways:— 

(1) By utilising the selective power of transmission from a virus complex 
exhibited by the aphis Myzus persiccp. 

<2] By the use of plant indicators and plant filters. 

(3) By taking advantage, firstly, of the difference in the lengths of the 
incubation periods of the constituent viruaes of a complex within the 
tobacco plant, and secondly of their unequal rates of movement: (a) at 
the moment of the development of primary symptoms in the young 
plant inoculated with the vims complex, (b) in the ageing plant. 

Before describing more fully these methods of vims isolation, it will be well to 
state that the virus complex dealt with in this paper consists of two viruses 
carried without symptoms by the potato variety Up-to-Date, and hereinafter 
referred to, for the sake of clarity, as x and y, where x is the needle-transmitted 
viruir not aphis-borne, while y is the aphis-bome virus which is also trans- 
miarible by the needle. It should be remembered, therefore, that the needle 
transmits the whole complex x + y, but the aphis transmits the virus y only. 
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The reactioiu of these two vinisea upon various pUnt hosts aie described in 
detail in Section III. 

In describing the technique of virus isolation, the selective power of trans¬ 
mission exhibited bj the aphis Myzut peniem will be dealt with first. During 
the period of study, some twenty examples of potato virus diseases of the 
mosaic group have been subjected to comparative transmission tests to 
tobacco, by aphis and needle respectively. While many of these diseases 
proved to be due to mixtures of viruses, others consisted of the aphis-borne 
virus y alone. In no single case has the aphis MtpiuB penioa transmitted the 
whole virus complex to tobacco, or any other plant, including the potato, 
although the complex was itself quite easily transmissible as a whole by needle 
scratch. In each case the insect has selected the same virus, referred to here as 
y and described in an ensuing section of this paper. It would seem, therefore, 
at present, as if the other potato virus, or viruses, of the mosaic group are 
not aphis-borne. Incidentally, it may be mentioned that when the aphis 
Myzus persicoB is colonised upon a potato plant containing a complex 
consisting of leaf roll, the y virus and the x virus, the first two only are 
transmitted by the insect. Such selective powers of transmission by this 
and related aphides have been recorded in respect of other plant viruses. 
Bennett (1930) has shown that two species of aphides, Amphorophora rubi and 
Apkit rubipkila, exhibit a selective preference in regard to raspberry viruses, 
while Hoggan (1929) has shown that M. persicm will select a cucumber mosaic 
virus from a combination of this and tobacco mosaic upon a tobacco plant. 

By making use, therefore, of this curious selective preference on the part of an 
insect vector, the investigator is provided with a ready means of securing a 
“ pure culture ” of one particular virus. 

Turning now to the consideration of the second method of virus isolation; 
this involves the use of particular plants which may be employed as “ indi¬ 
cators ” or " filters.” Having achieved by means of the insect a method of 
extracting a single virus, it is necessary to use a plant host which will indicate 
by a precise and constant reaction the nature of the vims thus isolated. The 
potato plant itself is useless, owing to the wide differences in varietal reaction, 
and to the ever-present danger of concealed viruses with the resulting complica¬ 
tions due to their presence. A plant which does fulfil this purpose, however, 
is the tobacco, two varieties of which have been extensively used by the writer— 
i.e.. White Burley and Virginia—^the first-named being the most sensitive to 
infection by the insect. Other plants used in this connection are the tomato, 
Hyoicyamva niger^, and SoUmum nignm. 
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Now, as reganlB pUmt fitters, a comparative study of the host range of the 
vims y, isolated by means of the insect, and of the complex x + y produced by 
needle inoculation to tobacco, revealed the fact that while the majority of the 
plants were susceptible to the virus x, some plants appeared to be resistant to 
the aphis-borne virus y. This fact suggested the possibility of using certain of 
these y-resistant plants as filters, and experiment has shown that passage of 
the whole complex x + y through such plants removes the aphis-bome virus y. 
That the virus y is actually removed by this process is shown by the analysis 
and 83mthe8is of the complex frequently carried out, and by the fact that the 
aphis cannot pick up the virus y from a disease produced in tobacco after 
passage of the complex through one of these filter plants. Examples of plants 
susceptible to the vims y, isolated by means of the aphis, are Hyoscyawus 
n%§efy tomato, and S. nigrunty and of the filter plants resistant to this virus, 
Daittra stramonium and Solanum duloamara. All are susceptible to the virus x. 
Having thus found the y-rcsiatant and a^susccptible plants which could be 
used to filter out the aphis-bome virus and to give a ** pure culture ” of x, it 
remained to discover a plant which would filter out the other component 
virus—in other words, an a^-resistant and y-susccptible plant. This could be 
used as an alternative method for isolating y in place of the aphis. After some 
search, such a plant was found, viz., Petunia-* More than fifty inoculations 
of the X + y complex through young Pdunia plants back to tobacco have 
yielded a pure culture ” of y (Plate 31, fig, 6), whUe attempts to infect P^nia 
with a ** pure culture ” of x by needle-scratch have consistently failed. 

It should perhaps be pointed out that the successful use of these filter fdants 
depends upon the needle-scratch method of inoculation; grafting appears to 
transmit the whole complex, at all events in some cases. 

The third method of virus isolation is based on an interesting difference in 
the rate ct movement of the respective viruses in the tobacco plant. When a 
young tobacco plant of the varieties White Burley or Virginia is inoculated by 
needle-sctmtoh with the virus complex x + y, the first symptoms devdop 
four days later under the writer’s conditions (maximum temperature 80^ F., 
mmifniitn 60^ F.). Theso initial symptoms take the form of double concentric 
rings, usually with a central spot, clustered on and around the needle scratches 
(Plate 31, fig. 7); this is the virus x. Three days later, giving a total incubation 
period of 7 days, the initial symptoms of the virus y appear; these take the 
invariable form of a " clearing of the veins ” of the youngest leaf (Plate 31, 
fig, 6), The next development is the appearwioe of necrotio lesions in the 

* Qarden variety. 
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joang leaves showing this clearing of the veins, indioating that the vims x 
has also reached the young leaves, but as the virus jf is already present there 
in an active form, the rings oharaoteristic of x alone are not formed. This takea 
place about 2 days after the first appearance of clearing of the veins. The two 
viruses then combine to give the virulent necrotic disease which is illustrated in 
Plate .30, fig. 2. It appears, then, from a study of this symptom sequence that 
the vims x has the short incubation period of 4 days, and appears first; it is 
thus able to show in its ring-like form upon the inoculated leaf as if it were a 
single entity. On the other hand, although the virus y has the longer incubation 
period of 7 days, it moves more rapidly through the plant, and appears in the 
youngest leaves some two days before the more slowly-moving virus x. It is 
easy, therefore, to obtain a “ pure culture ” of the virus y by sub-inoculating 
from the young leaves on the first appearance of the clearing of the veins. 
Am regards the isolation of the virus x by this method, the position is less 
certain. If sub-inoculations are made from the inoculated leaf immediately 
on the appearance of the double rings, the whole complex x y is brought 
over, showing that the virus y is present, although as yet showing no symp¬ 
toms. On the other hand, the writer has sometimes been able to obtain a 
pure culture ” of z by waiting until the clearing of the veins has developed 
in the young leaves before sub-inoculating from the inoculated leaf. It 
appears, therefore, as if there may be a short pericd when the two viruses are 
completely separated and exist independently in the plant. At the same time, 
although it is clear that the y virus, by its more rapid movement, is separated 
for a time from the z virus, there still remains some doubt as to whether, in 
an z -f y complex, the x virus ever becomes completely divorced from the 
accompanying y. A somewhat similar phenomenon is shown in the maturing 
tobacco plant affected with the z -f- y complex: the y virus may sometimes 
be found temporarily alone in the topmost leaves, while the lower leaves contain 
both viruses. Yalleau and Johnson (1930) have also found it possible to 
effect a separation by inoculating from the etiolated sprouts of potatoes grown 
in a dark cellar, as compared with transfers from halves of the same tubers 
grown in the greenhouse. 

The reasons for this different behaviour of the viruses z and y in the tobacco 
I^ant are not very clear. It may possibly be that the two viruses do not 
move in the same channels in the plant tissue, or there may be a difference in 
sise of the particles of the respective viruses which might account for the 
different rates of movement. Whether there is any oonneotion between a 
possible difference of location in the plant tissues of the two viruses and the 
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inability of the aphis to transmit the x virus, remains to be proved. Further 
research is being carried on into the question of the movement of these two 
viruses in the plant. 

It may be of interest to describe an actual analysis and synthesis of the 
x + y complex in the tobacco plant as frequently carried out, using some of the 
analytical methods above described. So far as the writer is aware, this ia 
the first time a virus complex has been analysed and synthesised in the living 
plant. The experiment was performed as follows, the source of infection being 
a streak-carrying Up-to-Date potato plant which exhibited no symptoms. 
Keedle inoculation was made from this plant to White Burley tobacco seed¬ 
lings ; this resulted in the production of a virulent disease charaoterised by 
gross lesions and severe necrosis of the veins (Plate 30, fig. 2). A parallel series 
of infection experiments was carried out from the same Up-to-Date potato- 
plant to White Burley by means of the aphis Myzus penioa ; this resulted 
in the production of the disease y with the characteristic darkening of the 
green colour of the tissues along the veins (Plato 30, fig. 1). On passage of 
the necrotic complex through one of the filter plants referred to, back to 
tobacco again, the disease took on a '‘ringspot" form, with numbers of 
clearly-defined double concentric rings, but there was no general necrosis. 
This is a typical picture of the virus x (Plate 30, fig. 3). Now to a number of 
these tobacco plants showing the ringspot symptoms of z was added the virus y^ 
which had been isolated by means of the aphis. After the usual incubation 
period, the primary symptoms peculiar to the aphis-transmitted virus y 
• appeared; following rapidly upon this, the rings lost their regular outline, 
became filled up, and degenerated into irregular necrotic lesions, while a severe 
necrosis of the veins developed. In a short time the symptom picture was 
identical with that of the necrotic disease before the separation had been 
effected (Plate 30, fig. 4). Further passage through the filter plants again pro¬ 
duced the ringspot disease x, while the addition to this of the aphis-carried virus 
y once mote restored the virulent necrotic picture. The same analysis and 
synthesis can, of course, be carried out by substituting the Petunia plant for 
the Datura. The x virus is thus removed from the z -f- y complex instead of y, 
but if the z virus is added to the y which remains after passage of the complex 
through Petunia, the complex is synthesised once mote. 
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III. A Study of the Reactions oj the Isolated Viruses, x and y, upon a Sdetited 

Range of Host Plants. 

A study of the symptom expiession of the x and y viruses upon a seleoted 
range of Solanaceous plants has been carried out, and the results are given 
herewith. It is hoped later to develop a selection of plant species whose 
reactions may become a standard test for the identification and classification 
of potato mosaic viruses. The plants used in the present work are as 
follows;— 

(1) Nicotiana tabacum, Tobacco, White Burley and Virginia. 

(2) Datura stramonium. 

(3) /Solatium duloamara. 

(4) Sclanum nigrum. 

(6) Tomato. 

(6) Uyoscyamus niger. 

(7) Petunia, 

(8) Potato- 

fa) President. 

(6) Arran Victory. 

(c) “ Majestic ” seedlings. 

The reactions of the two viruses upon these plants will be treated separately, 
the X virus being dealt with first. It is perhaps important to state that, in 
every example of the following series of x and y infections, return inoculations 
have been made to White Burley tobacco, and in every case a “ pure culture 
of the 2 or y virus was once more obtained, except, of course, in those cases 
where the plant was x- or y-resistant. This is important confirmatory evidence 
that the symptoms obtained in the various plant species were actuaUy due to 
the X or the y vimsesi and to no other cause. 

A. Reactions of the x Virus. 

(1) NieoUana tabacum (Tobacco), White Burley and Virginia varieties.— he 
abeady stated in Section II, the first symptoms of the x virus on tobacco take 
the form of double concentric rings or occasionally single rings on the inoculation 
scratches. These develop with fair constancy 4 days after inoculation, when 
kept at an average daily temperature of 70” F. After a further period of about 
B days or sometimee longer, the secondary symptoms develop, double rings 
appearing in groups on the other leaves (Plate 30, fig. 3). The symptoms 
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differ slightly in the two varieties of tobacco used, the rings being more sharply 
defined in Virginia than in White Burley. The size of the rings, however, is 
not constant. As the plant grows the rings lose their individuality somewhat, 
and a certain amount of necrosis of the veins may develop, particularly in White 
Burley, which reacts more severely to the virus than does Virginia. In an old 
tobacco plant afieoted with the x virus, the rings have usually disappeared, 
and the symptoms appear as a vague mosaic mottling, with some banding 
of the veins. Inoculation, however, from such a plant to young tobacco 
seedlings produces once more the typical ring disease. It is not quite clear 
whether this virus is identical with the American potato virus, first described 
by James Johnson (1925), and also called ringspot by him. The writer con¬ 
siders that the two are probably the same, for although the rings as portrayed 
by Johnson are not concentric and are often incomplete, yet it has been found 
possible to increase and decrease the virulence of the x virus and, in so doing, 
to alter its symptom expression. 

(2) Datura stmmmium ,—^This plant is very susceptible to the x virus, and 
sometimes reacts with great violence. The most severe reaction takes the form 
of gross lesions, while occasionally the whole loaf is killed by a severe necrosis 
of the “ scorch ” type (Plate 33, fig. 13). The more usual reaction is the develop¬ 
ment of small double rings on the middle leaves; these rings rapidly disappear 
with continued growth, and their place is taken by a mosaic mottle of dark and 
light green or yellow, often accompanied by a darkening of the green colour 
especially near the veins. The primary symptoms always take the form of 
small dark necrotic lesions along the needle scratches; these lesions are 
circular in form, but differ as a rule from the actual rings which may develop 
later. There is evidence that the x virus is susceptible to variationB in 
virulence (Smith, 19296), and constant successive inoculations through Datura 
tend to bring about an attenuation. The incubation periods for the x virus 
in Datura are about the same as in the tobacco plant, 

(3) Solanum dulcamara ,—£(. duloamara is readily infected with the z virus 
by needle inoculation. The disease develops in about 10 days, with the usual 
primary symptoios of dark circular lesions—not rings usually—on the needle 
soratohes. Later quite olearly-defined rings with a central spot develop on 
the other leaves (Plate 32, fig. 12). Sohaffnit is incorrect in assuming (1931) 
that S, didoamara is immune to potato viruses. As shown in this paper, the 
plant is resistant to infection with the y virus by needle scratoh, but is quite 
easily infected with the x virus by the same method of transmission. As 
8, duhamara grows, the symptoms tend to disappear, and the plant is capable 
of acting as a " carrier ” of the virus. 
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(4) Sokmum nigrum. — S. nigrum is easily infected with the x yiros, and 

83 rmptom 8 develop in about 8 days. The general appearance of the disease is 
similar to that produced in S. dulcamara, although the reaction is usually more 
severe ; concentric rings develop on this plant also. It is worth noting that 
jS. which is a common weed in the potato fields round Cambridge, is 

never found affected with the x virus in nature ; this is a very different state of 
affairs from that which exists in the case of 8. nigrum and the y virus (p. 262)» 

(5) Tomato. —^As in the other plants, the x virus produces dark circular 
lesions on the inoculated leaf from 6 to 7 days after inoculation ; concurrently 
with these local lesions, some small necrotic spots may develop on other leaves. 
A few days later large numbers of necrotic lesions of a ring-like form appear 
(Plate 32, fig. 10); these increase in severity (Plate 32, fig. 11), and finally a 
streak disease of the typical leaf-drop type develops. Occasionally fairly 
clear double concentric rings with necrotic margins also occur. Although the 
tomato plant is affected in nature with several diseases of the ** streak ” type^ 
it is unlikely, in the writer’s opinion, that the x virus is one of them, as it is 
apparently not aphis-bome. 

(6) HyocoyamuM niger. —^This plant is very susceptible to the x virus, and may 
be killed by it. Primary 83 rmptomB are the development of large lesions on 
the inoculated leaf, followed a few days later by ring-like lesions on the other 
leaves (Plate 33, fig. 16). 

(7) Petunia.—Pdunia is apparently resistant to infection by needle-scratch 
with the X virus, and is the x-resistant and y-susceptible plant used in separating 
the complex. Repeated needle inoculations with the x + y complex have 
been made to Pdunia plants, but in every case the Petunia has developed 
only the symptoms of the y virus (Plate 31, fig. 6); return inoculation from such 
Petunia plants to tobacco have produced only the y virus (Plate 31, fig. 6). 
Inoculations with a “ pure culture ” of the x virus to Petunia have produced 
no results. 

(8) Potato. —(a) President. Pnmaxy symptoms in the form of dark red 
necrotic lesions develop along the needle-sccatohes after about 8 to 10 days. 
About 10 days later, giving a total incubation period of approziinately 21 days,, 
a mosaic mottling develops on the topmost leaves, sometimes aooompaniod by 
a crinkling and distortion of the leaf edges. There are seldom any lesions of 
the " streak ’* type in this variety with the x virus. 

(b) Arran Ftctory. The same type of neorotio lesions develop on the inoou' 
lated leaf of this variety also (Plate 32, fig. 0). These are followed about 
14 days later by a mosaic mottling on the topmost leaves. The mottling is 
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well markedi exhibiting numbers of fairly bright ycJlow spots intermingled 
with Ught or dark green. Arran Victory often gives a “ streak ” reaction to 
the X virus in the current season. This takes the form of irregular lesions on 
the lower leaves, which gradually spread; the loaves then turn yellow and 
drop. 

(c) Majestic ” Seedlings .—On the whole the reactions to the z virus of a 
number of seedlings, derived from Majestic potato, resembled the symptoms 
produced on President by the same virus. Several of the seedlings showed a 
well-marked mosaic motting without any lesions, while in some cases irregular 
necrotic lesions developed on the lower leaves. 

B. Reactions of iJmy Fin«. 

The symptom sequence and expression of the y virus is remarkably constant 
upon a variety of plant hosts, with the exception of the potato plant, as is shown 
by the series here described. Strains of this virus have been kept going by 
progressive needle inoculation through various plant hosts for 4 years, without 
any change in symptom expression or apparent alteration in virulence. 

(1) Niootiana tabacum (Tobacco), White Burley and Virginia varieties.— 
Primary symptoms appear aftijr 7 days at a mean daily temperature of 70® F., 
and invariably take the form of “ clearing of the veins ’’ of the youngest leaf. 
The veins stand out in a characteristic manner ; in addition, there is sometimes 
a slight crinkling of the leaf surface and margins. This clearing of the veins 
soon disappears, and its place is taken some days later by a darkening of the 
green colour in the tissues along the veins (Plate 31, fig. 0). There is littlo 
difference in reactiou to the y virus between the two tobacco varieties, White 
Burley and Virginia, when needle-inoculated, but for some reason the V'u*giaia 
variety appears to be more difficult to infect with the virus by moans of the 
aphis Myzus pertfioce. That the y virus, as isolated by the writer from many 
different sources, is apparently the same entity is shown by the following 
experiment. The virus obtained from six different examples of potato vims 
diseases was inoculated to healthy White Burley seedlings in combinations of 
2, 3, 4, 5 and 6 y viruses ; in every case the disease produced was the normal 
one, and differed in no degree from the usual expression of the y virus. 

(2) Dalura stramonium. —This plant is definitely resistant to infection with 
the y virus by needle-scratch. Out of many attempts to infect Datura with 
this virus, carried out over 4 years, not one has been successful. On occasion, 
however, it appears to have been transmitted by grafting. 

(3) Sdemum dulcamara. —^Like Datura stramoniumj this plant is apparently 
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resifltaat to y viruH by needle-scratch, and it has been used in conjunction 
with Datura as a filter plant for separating the x + y complex. Grafting 
appears to transmit the virus to jS. dvlcamafa, but it is carried without 
symptoms, and on grafting back from sucli a carrier to healthy President 
potato, the symptoms typical of the y virus developed in it. 

(4) jSoZanum nigrum, —^Unlike Solanurn dutcamara, S, nigrum is susceptible 
to the y virus by both needle and aphis {Myzus perisiccB) agency. Clearing of 
the veins is hardly discernible in S, nigrum, but the characteristic darkening 
of the green colour along the veins is well shown. After a short time these 
symptoms disappear, and the plant becomes a carrier, a fact already pointed out 
by the writer (19306). Solanum nigrum affected with the y virus occurs 
commonly in the potato fields in the vicinity of Cambridge. 

(5) Tomato, —The tomato plant is readily susceptible to infection with the 
y virus by both needle and aphis agency. The symptom expression follows 
the usual sequence, but unless carefully watched for may bo easily missed. 
Clearing of the veins develops after 7 to 9 days, followtKl a few days later by the 
characteristic darkening of the green colour of the tissues along the veins. 
The symptoms are never strongly marked, but are clear enough to the trained 
observer; moreover, confirmatory proof was always forthcoming by return 
inoculation to tobacco. As tbe plant grows the 8}miptoms entirely disappear, 
and the tomato “ carries " the virus without symptoms. It is probable that 
the tomato plant is much more often infected with this virus than is commonly 
supposed, and in districts or countries where tomatoes are grown out of doors, 
especially if near potatoes, the percentage of infection is likely to be very 
high. In this connection the following observation is of interest: a number 
of tomato seedlings were found growing by chance in a field in close proximity 
to a potato crop, and removed to the insect-proof glasshouse for observation ; 
in a short time several plants developed typical symptoms of infection with 
the y virus which had obviously been transmitted through the agency of 
the aphis M, persiew from the neighbouring potato plants. 

(6) Hyoscyamuif niger, —The symptoms of y infection upon HyoBoyamus 
resemble very closely those produced on tobacco by the same virus ; clearing 
of the veins develops in 7 days, followed a few days later by the characteristic 
darkening along the veins (Plate 33, fig. 15). There is no necrosis formed, as 
is the case with the x virus {cf. Plate 33, fig. 16). Hyoscyamw is easily infected 
by both aphis and needle, and has been used fairly extensively by the writer 
as on indicator plant. 

(7) Ptbmia, —As has been shown in Section 11, Ptiunia is susceptible to the 
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y viruB although resistant to x. Clearing of the veins is hardly perceptible 
in this plant, but the darkening of the green colour along the veins is quite 
distinct (Plato 31, fig. 5). 

.(8) Potato, —(a) PresideiU, A description Iihs already been given by the 
writer (1930a) of the symptoms of the y virus on President potato, and they are 
only briefly rcKiapitulated here. Current season symptoms take the form of 
longitudinal streaks running along the veins on the underside of the leaf 
(Plate 33, fig. 14). These are follows] by a severe st-reak of the leaf-drop 
type (1930a); the top of the plant remains unaffected by streak symptoms, 
but develops a marked crinkle. The following year there is little or no necrosis, 
but the disease takes the form of a crinkle, while occasionally it occurs in the 
rosette form known as “ curly dwarf.” 

(b) Arran Victory, The y virus produces symptoms of mosaic mottling on 
this variety, sometimes H<H‘om{)anied by a certain amount of crinkling and leaf 
distortion ; there is no leaf-drop streak, though occasionally small necrotic 
spots may develop. The writer has observed Arran Victory plants in the 
field affected with the browning of the leaves, sometimes known as “rust.” 
Such plants have always yielded the y virus, although the connection between 
this virus and rust *’ cannot yet be said to be definitely established. 

(c) Majestic Seedlings, A large number of seedlings derived from Majestic 
potato have been inoculated with the y virus. The reaction of the seedlings 
has boon remarkably constant, considering their differing character. The 
disease produced resembled that in President, but was usiwlly rather more 
severe, the streak lesions were larger and more blotchy in shape, and the 
leaf-drop streak which followed occasionally killed the plant. Usually the 
top leaves remained imafiected by streak, but developed a mosaic mottling. 

IV. Discussion. 

In considering the relationship of the x and y viruses to iwtato mosaic 
diseases, it is important to realise the different nature of tlie two viruses 
concerned. While the aphis-borne virus y apjiears to be a constant entity 
not liable to fluctuations in vinilenco, the virus x, on the other hand, is 
susceptible to considerable changes in virulence, and exhibits itself in 
several symptom expressions, which may take the form of a faint mottle, a 
type of “ veinbanding ” or rings of several kinds. 

There are two factors, therefore, which have given rise to the confusion 
which exists at the present time with regard to potato mosaic diseases. 
The first is the dual nature, hitherto unsuspected, of so many of the potato 
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virus diseases of the mosaic group, and the second is the fluctuation in 
virulence exhibited by onu constituent, t.e., x, of these diseaseB. In the 
writer’s opinion, the different symptoms exhibited by the various potato 
mosaic diseases are due rather to strains of the x vims, differing in virulence, 
than to distinct viruses. Thus it will probably be found that these two 
viruses, x and y, alone or in combination, are responsible for the majority, 
though not all, of potato mosaic diseases. 

There is little doubt of the almost universal occurrence of the aphis-borne 
virus y in potato virus diseases. In tliis respect it rivals the American 
" healthy potato vims,” except that the y virus is usually associated with 
symptoms of the crinkle typo, altliongh the writer has twice isolated it from 
the symptomlesH carriers, Up-to-Date and Di Vernon. So far the y virus has been 
obtained from twenty (ixamplca of the potato diseases—^mosaic, crinkle and 
streak. In the field it has also been found, apparently alone, causing a crinkle 
or mosaic in President, Arran Victory and Epicure, while alone or in com¬ 
bination with the other virus it causes current season symptoms of leaf-drop 
streak in Up-to-Datc. Owing to its infectious nature and affinity with the 
aphis Mytu« perncm, this wide distribution of the y virus is not surprising, 
nor is this occurrence confined to the potato plant alone. It has been shown 
to occur commonly in the weed Solanum nigrum (Smith, 19306) and in the 
tomato, and presumably where Uyuscyamut nigar occ\irs m the field that plant 
would be infected also; that this vims is common in the tobacco fields of 
Kentucky bos been shown by Valleau (1930). The distribution of the x virus 
is slso very wide, and in varying degrees of virulence it has been found on 
many occasions in nature. Further research is needed, and is being carried 
out on the question of the insect vectors of this vims; at the moment, as 
shown in this paper, it appears as if the x virus is not aphis-borne, as all attempts 
to induce a number of aphis species to transmit it have so far failed. 

As regards the " plant indicators," it is perhaps too much to expect that one 
plant species, or even two, will be suflicient to give a precise reaction for each 
separate potato virus, and it will probably be necessary to look for other plant 
indicators. It is tme that the tobacco plant is a sensitive indicator of x and y, 
while IMura seems to react readily to x in all stages of virulence. Neverthe¬ 
less, it is quite possible that there may exist one or more potato viruses which 
give uo reaction on these two plants. Further research is necessary on this 
point. 
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V. Summary. 

(1) Evideuco is presented which proves that many of the potato virus 
diseases, known as mosaic, crinkle and streak, are composite in nature. 

(2) A technique of virus isolation from a complex in the living plant is 
described. The methods of virus isolation fall into three groups, and separation 
was effected in the following ways:— 

(a) By utilising the solet;tiv(5 power of virus transmission exhibited by the 
aphis Myzus persiew Sulz. 

{6) By the use of planl indicators and 'fdanl filters. The first typo of plant 
shows by its spccifie reactions when more than one virus is concerned, 
whQe passage of the? complex through the sccjond type of plant removes 
one or other of th<' component viruses of the complex to which the filter 
plant may be resistant. An example of a plant indicator is Nicotiana 
tabacumt M^iih^ Datura stramonium, Solanum dulcamara and Petunia are 
examples of plant filters. 

tc) By taking advantage, firstly, of the difference in the lengtlis of the 
incubation jKiriodfl, and, secondly, of the unequal rates of movement 
of the constituent viruses of a complex within the tobacco plant, at the 
moment of the development of primary symptoms in the young plant 
inoculated with the virus complex; or in the ageing plant. 

(3) Two viruses, x and y, isolated from a symptomless “ streak ’’“carrier 
potato, Up-to-Datc, are described, and their reactions upon a selected range 
of host plants arc given. The virus x is transmissible by ncedle-soratoh, 
but not by the agenc^y of aphides ; the virus y is transmissible by both methods. 
The vims y has been shown to be an almost invariable constituent of potato 
virus diseases of the mosaic group ; it has been isolated from twenty examples 
of potato diseases of this group, and has also been found alone, causing 
** crinkle ” in several potato varieties. 
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EXPLANATION OF PLATES. 

Plats 30. 

The photogmphfl in thia plate iiluatrate the analysis and synthesis of a virus complex. 

Fio. 1.—Leaf of a White Burley tobacco plant infectod by moans of the aphis Mynu 
pvsica Sulz. from a streak-oarrying Up-to-Date potato plant. This is the aphis-borne 
virus y. 

Fig. 2.—White Burley tobacco infected by means of the needle from the same Up-to>Date 
potato. Note the severe necrosis and general virulence of the disease. This is the 
virus complex z + y- 

Fig. 8.—^Leaf of White Burley tobacco infected by means of the needle from the plant 
shown in ilg. 2, after passage of a y-rcsistant filter plant. This is the “ ringspot" 
virus X, separated from the accompanying virus y. 

Fio. 4.—Leaf of the same White Burley plant shown in fig. 3, to which the y virus has 
been again returned; the necrotic symptom picture typical of the vims complex, as 
shown in fig. 2, is restored. 

Platk 31. 

Fig. 5.—Loaf of Peiunia, on j;-Tesistant plant, inoculated by the needle with the + y 
virus complex from the tobacco plant shown in fig. 2. Note that the x virus has 
been filtered out, and only the y virus has developed, oharaotoriBed by the usual dark 
green colour along the veins. 

Fig. 0.—Leaf of White Burley tobacco plant inoculated from the Petunia shown in fig. 0. 
Only the y virus has developed, showing that the x virus has actually been filtered 
out by the Petunia, 

Fiq, 7.—I^rimKy symptoms of the x viros on tobacco ; rings develop on the inoculated 
leaf 4 days after inoculation. 

Fio. 8.—Primary symptoms of the y vims on tobacco ; “ clearing of the veins ” of the 
young leaves develops 7 days after infection. 

Flats 32. 

Fiq. 9.—Primary symptoms of the x vims on potato Arran Victory. Local necrotic 
lesions on the inoculated leaf are oharacteristio of this vims. 

Fig. 10.—Symptoms of the x virus on tomato. Note the ring-like lesums on the leaves; 
primary symptoms are similar to those shown in fig. 0 for potato. 

Fig. 11.—Later stage in the development of the x virus on tomato. These lesions arc 
followed the total collapse of the leaves. 

Fig. 12. — Symptoms of ibe x virus upon Solanum du/camam, a y-iesistant plant, This 
plant was inoculated with the x ]- y complex. Note that symptoms of x alone have 
developed. ^ 
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Platb 33. 

Fro. 13.—Symptoms of the x virus upon Datmra, In this ease the disease caused was veiy 
■evere. 

Fia. 14.—Primoiy symptonis of the y vims upon potato President. Note the streaks 
along tho veins on the underside of the leaf. These syniptoms are followed by a 
leaf-drop streak of^tho lower leaveis while the top leaves develop a crinkle. 

Flo. 15.—Symptoms of the y virus upon Hyo^cyamHs. Note tho ohaiuotoristio darkening 
of the greon colour. 

Fio. 16.—Symptoms of the x virus upon Hyoscyam'M, Note the ring-ltke necrotic lesions. 
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Myothermic Ex'perimerUs on the Frog's GaAtroonemius, 

By A. V. Hill, F.R.S., Foiilerton Profotwor. 

(From the Department of Physiology and Bioohemistry, University College, London.) 

(Received August 28, 1931.—^Revised October 1, 1931.) 

The gaatrocnomiua-Hciatic preparation of the frog hau been one of the chief 
objects on which the properties of isolated muscle have been studied. Its 
many obvious advantages, however, do not make it suitable for all purposes ; 
for some it has certain important disadvantages:— 

(а) Its size arul thickness (in any but the smulle^st aiumals) render the supply 
of oxygen for recovery after stimulation, or even for resting metabolism, 
difficult or impossible. The critical diameter of a resting muscle just 
fully supplied with oxygen (at 20® C. in oxygen) is only 6-7 mm., and 
many gastrocnemii are larger than this (sec Hill, 1928, c, pp. 60, 62). 
In a thick muscle the diffusion of oxygen cannot replace its normal 
supply by tho circulation ; 

(б) The complex arrangement of its fibres and its inextensibility due to 

connective tissue make it unsatisfactory for studying the mechanical 
properties of muscle ; and 

( 0 ) Its shape makes the measurement of its heat production by the usual 
m 3 rotheEmic methods inaccurate. 

Of these disadvantages tho first (a) might be avoided by working under a 
higher prewure of oxygen. Special methods, however, would be necessary, 
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and it is not cortoin that the high oxygen pressure would not afEect the outer 
layers fully exposed to it. The pressure indeed would need to be rather high, 
since the critical thickness of a muscle fully supplied with oxygen under any 
given conditions varies only as the square root of tho partial pressure at its 
surface ; for example, if a muscle 1 mm. thick requires 1 atmosphere of oxygen 
to maintain a steady state during ac^tivity, anotlu^r muscle 7 mm, thick during 
similar activity would need 49 atmospheres. These numbers correspond about 
to sartorius and gH8trocnemi\iR respectively ; if gastrocnemii only had been 
available little would bo known about tho recovery process, or about the 
steady state of muscles maintained in continuous lu tivity (see Hill and Kupalovi 
1929). Moreover, apart from the study of tho recovery process itself, rticovery 
is necivwary in order to maintain a muscle in good condition during tho more 
or less intense activity often required in a prolonged experiment. Gastrocnemii, 
thert'fore, unleas extn^mely small, are suitable only for acute cx]M>rimeiits not 
involving recovery. 

The second disadvantage (6) cannot b(^ altogether avoided. It will be shown 
below that, in napect of the relation between tension developed and heat 
produced under isometric ex)nditionH, the gastrocnemius behaves like a sartorius 
(the nearest approach to a parallel fibred muscle) of half its length. When 
allowed to shorten, howev(*r, its l>ehaviour may not be so simple (its fibres may 
pull too obliquely) and moreover its inextensibility prevents us from examining 
tho important consequences of initial stretch. For the latter reason the Fenn 
effect is obscured (see Rothschild, 1930 ; Hill, 1930, h). If we wish our experi¬ 
mental object in its liehaviour directly to represent the muscle fibre, it is 
necessary to use a muscle more nearly consisting of parallel fibres, with as 
little connective tissue as possible. 

For many experiments, however, and particularly for those on the anaerobic 
chemical cliauges associated with stimulation, the gastrocnemius is particnlarly 
wiil suited and has been largely employed. The ease, moreover, with which it 
(and its nerve) can be prepared without injury is a great advantage. For such 
reasons many attempts have been made to use it for myothermic experiments. 
Tlio chief difficulty (apart from its shape, which makes contact with a thermo¬ 
pile rather unc^ertain, and its thickness, which makes heat conduction very 
slow) lies in the determination of the heat in absolute units. For this purpose, 
with any of tho ordinary methods, it is necessary to “ calibrate," i.e., to kill 
the muscle (e.^., by chloroform) without changing its position, to heat it with 
a known amount of electrical energy, and to observe the resulting deflection. 
In the case, however, of the gastrocnemius, the crosa-section is so variable that 
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the heating is extremely non-uniform, and the deflection depends upon the 
position of the thermopile on the muscle. With a given current running down 
the muscle between electrodes at its ends the rise of temperature at any point 
depends upon the square of the; cross-section there, and since the cross-section 
yaries very considerably the rise of temperatuni varies many fold. I mode 
several attempts recently, by employing as (electrodes wires wound round the 
muscle, to calibrate " the middle approximately cylindrical portion of It. 
The irregular and inconsistent results obtained, however, left little hope of 
accuracy in this direction ; an entirely new method, tlicrefore, won atti'mpted, 
ultimately with success. 

It might have seemed possible to determine th<' absolute sensitivity, in 
®C. per millimetre deflection, by calculation from (a) the numlx^r of tliermo- 
coupW in the thermopile, (b) the thenno-e.in.f. pT 1C. of the metals employed, 
and (c) the sensitivity of the galvanometer. This method has, in fact, been 
frequently used, but in coses when; a direct calibration is made for comparison, 
a con8id(;rablc error is found. The actual sensitivity may be only 25 to 75 
per cemt. of that calculated, so that observations, for example, of Ti/H (T = 
tension (l(»voloped, I = muscle length, H heat produced) an; altogether 
wrong. TJk' it'osons are important, since they allow us to develop a method 
free from (‘rror ; they an*: — 

(i) The heat capacity of the thermopile is not negligible in comparison with 

that of the muscle ; 

(ii) Heat loss from the thermopile, either along the wires or into the air 
around, prevents the liot ” junctions from warming to the same extent 
as the muscle ; and 

(iii) Unless the cold junctions be very far away, or heavily “ load(»d,’* their 
temperature rises by conduction along the win'S, so that the difference 
of temperature observed is too small. 

All these factors c an bo eliminated by using a single thermocouple of very 
fine wire stuck into and drawn through the muscle substance, and by having 
the cold junctions far away and of rather large dimensions. The second con¬ 
dition is as important ah the first. 

The use of a single thermocouple for measuring muscle heat is not new. 
Beoquerel and Breschet (1836) used couples of platinum-iron or copper-iron, 
of 0-6 mm. diameter, the value of 1 scale division being 0-1*^ C., reading being 
to 0-01° 0. Hehnholtz (1847) used thermopiles consisting of 3 to 6 needles 
stuck into the muscleH, readings being to 0-001° C. Meyerstein and Thiry 
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(1863) used a Hinall thermopile of 2 needier (german ailver-iron), 1 acale division 
being 0-0024° C. Blix (1901) made a perfectly workable apparatus, which I 
have used myaolf (Hill, 1910), in which a single coppcr-conatantan couple was 
connci^d to the low resistancie (topper coil of a Broca galvanometer ; in this, 
however, the thermo-junction was upon the surface of, and not inside the 
muscle. No further attempts have, to my knowledge, been made in recent 
years. 

The couple-s employed in the present research were of constnntan-irou. 
120 p. in diameter, giving a thcrmo-e.m.f. of 54 *3 microvolts per 1° C. Different 
samples of the metals give different values, so the same sample was used 
throughout. The thermo-e.m.f. of each metal against copper was determined 
by a potentiometer and a standard thermometer, ovi^r a range of al)out 20° ; 
copper-iron gave 11-23, 11-19, 11*25, mean 11-22 microvolts per 1° C. ; 
coppcr-constantan gave 43-05, 43-10, mean 43-08 microvolts per 1° C. By 
addition we obtain 54-3 for the thermo-e.m.f. of constantan-iron. In the 
length employed c^ch couple had a resistance of about 2 ohms. A galvano¬ 
meter of the astatic moving magnet type, constructed by Mr. A. C. Downing, 
was used. It was nearly critically damped. Its resistance with four r2-obm 
coils in parallel was 3 olinis. Thus 1° C., supplying 54-3 x 10“* volt, gives 
10-86 X 10“® amp. The initial heat production in a single muscle twitch 
causes a rise of kmperature of about 0-003° C. which produces 3-26 X 10“^ 
amp. The galvanometer cun readily be adjusted to give 50 mm. deflection for 
this current, so tliat sufliciont sensitivity is available. 

The wires of the thermocouple were silver-soldered iind to imd, no trace of 
the junction being visible. It needs some skill and care to make a couple of 
this kind, and I am greatly indebted to Mr. A. G. Downing for his patience in 
constructing a large number of them. A new couple was used for each muscle, 
in order to avoid injury duo to roughness and unevenness in the used ones. 
The wires were so thin, and the couples so smooth and clean, that they could be 
stuck through the tissue with a minimum of injury, especially if the muscle 
was stiffened by pulling while the wire was «'.wn in. Moreover, their lightness 
and flexibility prevented them from dragging on the muscle and straining it 
wlion it contracted. It was found quite unnecessary to insulate them. In 
order to ensure that the junction lay and remained right in the interior, the 
couple was provided with a little cross-piece of the same wire, which was 
soldered on the constantan wire about 3 mm. from the junction; this cross¬ 
piece rested against the surface of the muscle with the junction inside. 

The muscle was mounted in the frame shown in fig. 1. This was insulated 
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with bakelite vomish and held in a rubber stopper by its brass tube. Four 
copper leads thickly insulated with bakelite were led up the side of the tube, 
two for the thermocouple, two for the stimulating electrodes. The frame, 
tube, copper loads and rubber stopper were all baked at 120° to harden the 
bakelitt' and to make it waterproof. A glass cover with an inlet tnln* at the 
bottom was fixe<l on the stopper. 

The copper leads to the galvanometer ended in two thick pieces of copper 
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Fio. 1.—Framo for gnatrocneniiiiH-Hcuitic preparation with Hinglo theniiucouplu. A, brou 
tube. B, oopper leada from thermocouple to galvanometer, fixed and iuBuiated with 
bakelite vamiah. C, tube canying wires to silver nerve-electrodes 1). E, rubber 
bung. F, “ cold ” junctions, where thermocouple is soldered to copper leads. G, 
" hot *’ junction inside muscle. H, cross-piece soldered to thermocouple, resting 
against muscle surface to k(wp junction G in position. K, clamp to hold femur. 
Tj, brass frame. 

heavily tinned. To these the thermocouple was soldered. They were heavy 
enough to prevent any rise of temperature of the cold junctions by conduction 
of heat along the wire. A bakelite clamp held the femur and a straight wire 
was tied to the Achilles tendon and led up the tube. Great care is necessary 
in fixing bone and tendon, or they may break, tear or slip under the relatively 
anoimouB tension (up to 2 kg.) developed in a tetanus. 
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Whoa a thermocouple wan to be inserted it was tested by a magnet to find 
the iron end. This was threaded first as the cross-piece was soldered to the 
constantan. Its end was cut on the slant by a pair of scissors to give a sharp 
point, and this was thrust boldly into the belly of the muscle, held rigid under 
strong tension. The couple was drawn through the muscle until the cross- 
piece came in contact with the surface. The junction was then 3 mm. inside. 
The ends of the cjouple were soft soldered to the tinned copper terminals with 
a little Rohioring iron. The constantan end of the couple was then bent so as 
to exert a gentle forward thrust, tending to ke^^p the cross-piece well home. 

The sciatic nerve was drawn backwards and placed over silver electrodes 
on the side of the frame opposite to the thermocouple. 

This port of the preparation took only a few minutes. It was now necessary 
to bring the whole arrangement to a constant temperature. The cover was 
placed in position on the stopper and connected by a rubber tube to a reservoir 
of oxygenated Ringer's solution, kept in the water-bath. The chamber was 
placed in the bath, the solution run into it, and oxygen bubbled through. 
Within 10 minuteii the solution could be removed and the experiment begun. 

The wire from the tendon was hooked to an isometric lever arranged to 
write on a drum. The lever was carried on a heavy stand, movable vertically 
by a screw, so that the initial tension could be adjusted. 

The wires to which the thermocouple was soldered were connected by copper 
terminals to the galvanometer, and the deflection due to a small exactly known 
e.m,f. (1 to 5 microvolts) thrown into the thermocouple-galvanometer circuit 
was measured. 

The muscle was usually in air, in the earlier experiments, however, in nitro¬ 
gen. The diffusion of oxygon is so slow into the interior of a muscle so large 
{about 1 g.) that no appreciable recovery can be expected there, and it was 
thought better at first to avoid partial recovery occurring in the outer layer 
only, by removing oxygen altogether; later, however, similar results were 
obtained in air. For all the experiments recorded here large Hungarian frogs 
(R. esc.) of the same batch were employed. These reached England at the 
end of May and were used in June and July. 

The character of the galvanometer deflection caused by stimulation is quite 
unlike that obtained with an ordinary thermopile. During the actual pro¬ 
duction of heat the galvanometer moves out usually rather rapidly; then it 
stands still for quite a long time, and then very slowly returns. The slowness 
of cooling is due to the fact that the cold junctions do not warm up and to the 
absence of C4>ntact with any good heat conductor ; the thermocouple is much 
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too small to havo any considerable cooling effect; heat loss is almost entirely 
through the air, and from such large muscles is slow. So gradual is the return 
that one has to wait several minutes before another reading can be taken. 
The slowness, however, has the advantage of enabling the instrument to give 
correct readings, even for quite long intervals (up to 30 seconds) of stimulation. 
It is thus possible to obtain greati^r accuracy by working with groups of twitches, 
usually with 10 ; at high t»<*mporature8 these generally occupied 6 to 9 seconds ; 
at low temperatures 18 to 23. Moreover, the heat production for 26-second 
tetanus (at 6° C.) could be read directly on tlic scale without analysis or 
correction. 

No attempt has been made to study cither the recovery heat or the delayed 
anaerobic heat. The oxygen supply for the former would be inadcc^uato in 
the large muscles used, while for both accuracy would be unattainable for the 
following rcoAoti. The gastrocnemius contains a fair amount of connective 
tissue, and if the tliexinojimction lay in some of this it would not warmed 
immediately but only slowly by conduction. There is no error in the maximum 
reading, since in the 30 secouda or more before the galvanometer begins to 
return temperature equalisation within the muscle occurs. It is noticeable, 
however, that the character of the outward deflection differs considerably 
from one muscle to another; in some cases it is rapid, in otficr cases rather 
slow. Not only connective tissue but alight local injury can have this effect. 
In pushing the wire through the muscle undoubtedly a few fibres are injured, 
more on some (wcasions than on others. Again, no error in the maximum 
reading occurs, sinc.e then? is plenty of time for the heat to conduct through the 
thin sheath of injured tissue ; but the speed of deflection may be rather con¬ 
siderably affected. The existence of these variations due to conduction makes 
it quite impossible to separate delayed from initial heat, and the quantity 
recorded in the present experiments is the total heat in 15 to 30 seconds ; the 
delayed anaerobic heat presumably supplies a small fraction of this, an unkno¥m 
amount scarcely large enough to affect the reault. 

Since the heat capacity of tlie thermojunctiou is negligible, and since the 
rate of heat loss is so small, the maximum deflection is a measure of the rise of 
temperature of the muscle. The following example illustrates the method of 
calculation. 

A gastroonomluii weighing 1 • 10 g-i of density 1 ‘0406, and therefore (boo below) containing 
17 per oent. aolid and of ipouiflo heat 0 -88, was mounted witli a eingle thermocouple. 2*49 
miorovolta gave a deflection of 320 mm. The thenno-e.m.f. of the metals was A4*3 microvolts, 
per I® C. The me itmp^raivre por I mm. deOeotiou therefore wa^:— 

2*40 

320 X 54*3 
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Hentje tho heeU per ] mni. doflootlon wai 


2-49 X 0-88 X MO 
320 X 54*3 


oalorin, 


or 

2-49 X 0-88 X 1-10 X 42(^0 « cm 

320 X M-3 ® 


Id tfalH oxpcirixmmt (reinjni in tig. 0) 10 twitchiM at 0 ■ 9-M)o<md uitfCrvak gave 2H0 mm. defleotion 
and 6120 g. total tenMon. The miiHclo waa 3*7 cm. lung. The total heat themfuro wan 
2HO X 6 U2 ^ 1600 g.cm., and T/ -» 6120 v :i-7 — 22BOO. Henco, 

Tl/H 13-6. 


In tetani the aonsitivity wao reduced by putting a resiatance in the circuit, 
otherwise the procedure was the same. For further records see figs. 6 and 7. 

For this calculation it is uecessary to know the specific heat of the muscle. 
In the absence of reliable data in the literature the measurements given in the 
next section were made. 

The Specific Heat of Musck ,—As Biirker remarks (1910) it is curious that a 
quantity so important as the specific heat of muscle should be so imperfectly 
known. Adamkiewicz (1876) found a value of 0-77 and Rosenthal (1878), 
employing the Bunsen ico-calorimetcr, one of 0*826. Rosenthal recognised 
that the deteimining factor in the specific heat o{ muscle is its water e4)ntent, 
and he estimated that the solid material of muscle, when perfectly dry, would 
have a specific heat of 0*30 ; his value of 0*825 would correspond to 75 per 
cent, water, 25 per cent, solid. The fact that practically all the water of muscle 
is free in the physico-chemical sense (Hill, 1930, a) encourages one to believe 
that Rosenthal was right in his assumption that the heat capacity of muscle is 
the sum of the heat capacities of its water and its solids, at any rate with 
sufficient accuracy for the present purpose. It was obviously desirable, 
however, to redetermine the actual value. 

A spherical Dewar flask of about 220 c.c. capacity was employed, together 
with a standard thermometer, an insulated heater resistance of constantan 
wire, a battery of accumulators and a potentiometer to measure their e.imf. 
A current was passed through the resistance for a known time, sufficient to 
cause a rise of temperature of about 10^ C. The water equivalent of the flcMk 
was determined by the same method and found to be 8*7 g. The speoific 
heat at 20'" C. of frog's Ringer’s fluid (containing 0*71 g, solid in 100 g. H,0) 
was found to be 0-9933. The following results were obtained with muscle 
from Hungarian frogs (R, esc.) containing 17-3 per cent, of solid (determined 
by prolongerl drying ht 120° C.):— 

(A) 69-87 Ringer + 59*67 g. muscle. E.m.f. = 20-247 volts. Time = 600-0 
seconds. Corrected rise of temperature 22-116 — 13*945 = 8-17®. 
Heat 120-44 20°-calorie8, Specific heat of muscle 0-877. 
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{B) Same continued, correotod rise of temperature 30 * 435 — 22 - 24 — 8 * 195*^. 
Specific heat of muscle 0*865. (This value has not the same weight as 
(A), since the resting boat production at the mean temperature of 26^ 
was much greater than at the mean temperature of 18° C., and allow¬ 
ance for this was not very accurate.) 

(C) Same muscles next day when dead, corrected rise of temperature 
27*32 — 19*16 = 8*16°. Specific heat of muscle 0*893. 

Allotting weighting factors 3. I and 2 to (A), (B) and (C) respectively, we 
obtain a mean value of 0*880. 

The experience, however, of these tlirce determinations made it clear that 
(a) the resting heat production, which varies with tom{)crature, and (6) the 
fact that the muscle liad to be used as lumps suspended in Ringer's solution, 
and not as a fluid capable of being properly mixed by stirring, might prevent 
the highest degree of accuracy from being atiainiMl. It was decided therefore 
to determine the specific heat of ox bloo<l. From the physico-Ghemical stand¬ 
point the constituents of blood are almost identical with those of muscle, and 
it is very unlikely that the specific heats of the solids in the two cases arc con¬ 
siderably difierent. The same method of electrical heating was used, but the 
absence of resting heat production and the possibility of complete mixing made 
the results more consistent and accurate. The blood was partially centrifuged 
to increase its total solid about to that of muscle, and in both samples the 
total solid was determined by drying at 126° C. The following results were 
obtained:— 

Blood A—19*6 per cent, solid, specific heat 0*8666. 

Blood B—22*32 per cent, solid, specific heat 0*8497. 

Blood B—22*32 per cent, solid, another determination of the specific heat 
with another flask, 0*8472. 

From these three values the specific heat of the solid constituents can be 
oalcalated: 0*316, 0*329, 0*319 respectively. Taking 0*32 as the mean, and 
recalculating the specific heat of the blood from its solid content, we find in 
the two samples:— 

(A) 0*8043 + 0*1967 X 0*32 = 0*867 (observed 0*8666). 

(B) 0*7768 + 22*32 x 0*32 = 0*848 (observed 0*8497 and 0*8472). 

Ap^ying this to the case of muscle containing 17*3 per cent, of solid the 
spedfio heat should be 0-827 + 0*32 x 0-173 = 0*882. The mean value 
observed directly for muscle was 0-880; within the limits of error these may 
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be regaxdod as identical. We may oonolade, therefore, that the specifio heat 
of muscle or blood can be calculated from its total solid content, —inning 
water to have a specific heat of unity (at 20° 0.) and the solid a specific heat 
of O’32. The following table may be useful:— 


Solid (per oent.} . .. . 
Speoiflo licttt (20'* C) 


20 

24 1 23 I ' 21 

'll 

SO ; 1» is 17 

16 

10 

•830 

1 

0ti37.0-844 0-80(» 0-857 

'll' 

0 ■ 864|0 • 87 !(»• 878,0-SSI 

0-801 

0-808 


The average solid content of the frog’s muscle used in the present investigation 
was about 17^ per cent., so that its specific heat was about 0'88. This value 
has been assumed whenever the water content was not directly measured. 

A Rapid Method of Determining the Total Solid in Frog^s Muscle ,—Since the 
specific heat of muscle depends so largely on the amount of water it contains, 
and since the method of measuring this by weighing, drying and weighing is 
time-oonsiuning, the relation between the density of and the total solid present 
in muscle was determined. The measurement of the density is simple and 
rapid, when carried out as foUows. The muscle was hung by a very fine enamelled 
copper wire to the hook of an air-damped Bunge balance and weighed. A 
beaker of Ringer’s fluid (0-71 g. total salt in 100 g. HjO) was placed on a 
bridge above the balance pan, and the muscle, still hanging from the hook but 
immersed in the solution, was weighed again. Finally the wire was cut as 
near the muscle as possible, below the Ringer’s fluid, and a third weighing 
made. The three weights enable the density of the muscle to be calculated 
as a multiple of that of the solution. The effect of surface tension, as well as 
the weight of the wire, is eliminated by the third weighing. The following 
example illustrates the calculation. 


GaatrocnoinliiA uf Hungarian R. cm. 

g- 

( 1 ) Weight, hanging by wire in air . 1*800 

( 2 ) Weight, han^g by wire In Ringer's fluid . 0-0688 

(3) Weight of wire oat oiT below surface of solution . 0-0048 

(4) Difference between (2) and (3) » weight of mnecle in solution. 0-0600 

( 6 ) Difference between (1) and ( 2 ) wel^t of same volume uf Ringer's fluid 1*280 

Density of musole -, 14 , O’OOO^ „ 1 .njo* 

Density of Ringer's fluid 1*230 

Sedidpdetennined by drying at 120^ C., 17*1 percent. Henoeeaohl percent, solid adds 0-00888 
to the relative density. 


Two such comparisons, each the mean from tvro musolea of the same frog, 
were made by the method described. As a check three oompatuons were 
made with a pyknometer, a given weight of muscle being placed in the bottle 
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which WM then filled with Binger ’0 fluid and weighed. The following five 
resnltfl were obtained for the effect of 1 per cent, solid on the relative deiuityp 
the percentage of solid being determined by drying at 120° C.:— 

(A) Weighing in Bingei^a fluid: 0*00287, 0-00288. 

(B) Pyknometer: 0-00286, 0*00287, 0-00283. 

The mean of aO is 0-00286, from which, knowing the relative density by 
weighing, we can immediately calculate the percentage of solid and the speoifio 
heat, for example:— 

(Density of muscle) = (density of Ringer’s fluid) X 1 -0540. 

Percentage = = 18.8. 

Specific heat = 0-812 + 0-188 X 0-32 = 0-872. 

The specific heat was determined in this way in a few experiments, but 
since, in the batch of Hungarian frogs used, it always came to be about 0*88 
this value was assumed for the remainder. 

This method of detc^rmining the total solid might be usefully employed in 
experiments on the osmotic swelling, or shrinkage, of muscle. It seems to be 
rather accurate. 

The Value of Ti/H in Sartorii .—The chief purpose of the present investigation 
was the determination of Ti/H in the twitches of gastrocnemii. It was desirable, 
therefore, to have for comparison a few observations on sartorii, made on the 
same batch of Hungarian frogs with the usual method. The values of TI/H 
were measured (a) in twitches, and (b) in 2-second and 5-8eGond-tetam, all at 
room temperature. Three different thermopiles were used. The calibrating 
electrodes were either fixed or tied round the muscle at suitable points. The 
length I is the distance between the calibrating electrodes, since it is in this 
position alone of the muscle that the heat is measured ; I was 20 to 30 mm. ; 
between the electrodes the muscles were of very uniform section. 

Particular care was taken to make the contractions as isometric as possible 
since (at any rate in twitches) permitting a muscle to do work in extending its 
oonnections to a lever may cause a considerable diminution of Ti/H. The 
muscle was connected by a wire to as good an isometric lever as was available. 
It was Boidced in oxygenated pbosphate-Ringer’s fluid [pa 7 *2) for some time 
before the observations began; these were made in oxygen, and intervals of 
2 minutes between twitches^ and of about 16 minutes between tetani, were 
given to allow recovery to go on. With all these preoautions rather high values 
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of Tl/H in twitohee wen obieined. At the end of an ejqperimeot the muade 
waa killed by ehknofotm and calibrated by the new method deacribed below. 

As the initial length of a mnaole is altexed the valaes of T and H in a twitoh 
change, and pass throu^ maTitna. at lengths ooneaponding to a quite small 
initial load (see Hill, 1925). These lengths an nearly, if not quite, the same, 
and IlfS. also passes through a minriminTi at about the same length. In all 
the experiments, therefon, trials wen oanfnlly made to find the length at 
which T and H wen greatest, and the rest of the observations wen made at 
this Imgth. 

The results of six good experiments (July) an given in Table I. The tensions, 
even in the S-seoond tetani, wen well maintained, owing to the use, as stimuli, 
of alternating condenser discharges at a frequency only just sniSoient for 
summation. 


Table 1.—T//U in Twitches and Totani of Sartoiii of Hungarian R. esc. 


Number . 

1 

2 

3 

4 

6 

6 

Teiimrature 0° G. 

20-7 

16-7 

16-6 

18-26 

18-6 

18-85 

Tl/fl, twltobfiB . 

71 

6*6 

6-4 

8-6 

6-0 

7-2 

Tl/H, 2*aeooiid toUaiu. 

0-406 

0-626 

0-473 

0-80 

0-666 

0-631 

TI/H, d-Moond toUnuB . 

— 

0-240 

0*446 

0-3C6 

0-274 

0-208 

Tl/H, 2-»ncoEid toteaiM. 


0-566 

0-226 


0-618 

0-658 


The mean value of TI/H in twitches is 6*8, which is not fat from the mean 
value (6'16) pnviously obtained (Hill, 1928, b) for the sartorins of A. (emp. 
or Dutch A. eao. That it is slightly higher is probably due to the precautions 
taken (a) to work at the optimal length, and (6) to ensun an inextensible con¬ 
nection to the lever. 

The observed values of Tl/H in the tetani are given by large circles in fig. 8 
below. It was shown by Feng (1931) that the effect of temperature on H/Tf 
in a tetanus may be regarded as due simply to a change in the time scale of 
the contraction ; x second tetanus at 20° C. gives the same value of H/Tl as 
X X S’ 1 seconds at 10^ C. or as a; X (3*1)* seconds at 0° C. The times, there¬ 
fore, vis., 2 and 6 seconds, have been “ teduoed to 0° 0. by multiplying by 
(3*l)*Ao ^hete 6° C. was the temperature of the experiment. The values of 
H/Tf are plotted against the “ reduced '* time. They are somewhat widely 
scattexed^Eungarian A. ew. give more variable results than English A. 
imp .—but they lie around Feng’s mean curve, which is shown for comparison. 
So far as a difference can be detected from so few experiments the larger 
animal seems (as we should expect) to be tiie slower, its values for H/Tf tending 
to Be below Feng’s curve for A. iemp .; a 10 to 16 per cent, reduction in the 
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“ twM scale on which the large cizoles have been plotted would centre them 
accnrately on Feng’s curve for the smaller animal. Not enoogh experiments, 
however, have been made to be mire of this point, but it is certain that the curve 
for sartorii lies well above that for gastroonemii to which we will refer later. 

CaUbratioH by Condenser Discharges, —^The method of calibrating ” a 
sartorius or similar muscle lying on a thermopile by passing a warming current 
through it (see Hill, 1913, p. 456 ; 1928, a, p. 131) can be greatly improved and 
simplified by adopting Bozlei’s suggestion (1931) of using condenser dischargee. 
His arrangement, too, can be somewhat improved in detail, as follows. 

The principle of Bezier's calibration is simple. The energy of a condenser 
of capacity C charged to potential E is, in electro-magnetic units, or, 

expressing C in microfarads and E in volts, the energy is 5GV* ergs. If the 
condenser be discharged along wires of negligible resistance through a muscle 
of resistance B, by electrodes placed upon it, the whole of this energy is 
liberated in the muscle as heat. The duration of the discharge can readily 
be calculated ; the fraction of the original charge remaining after t seconds is 
the fraction of the original energy Thus if C = 0-6 mfd. =* 

6 X 10~^ farad, which has been found to be a suitable capacity, and R = 10,000 
ohms, which is a usual resistance for muscles used in myothermic experiments, 
the charge is reduced to I per cent, in a time given by =» 0*01, from which 
i =3 0-023 second ; the energy is reduced to 1 per cent, in half this time, viz., 
in 0-0115 second. The liberation of energy, therefore, may be regarded as 
** instantaneous." 

By employing a relatively high potential and a low capacity the effects of 
polarization at the electrodes may be made very small. The single twitch of 
a muscle gives about 0-003 calorie per gram, i.s., in a muscle of 200 mg. about 
0-0006 cal., 26-6 g, cm., 26,100 ergs. A condenser of 0-6 mfd. charged to 
100 volts yields 26,000 ergs, on discharge. A 2-second tetanus at 20° C. gives 
0*06 cal. per g., i.s., in the same muscle about 600,000 ergs. A 0-6 mfd. 
condenser charged to 460 volts will 3 deld this in one discharge; 450 volts, 
however, is inconveniently high, and it is better, if an '' instantaneous " 
heating is required, to use a condenser of higher capacity. Usually, however, 
a calibrating heat production of about the same duration as the tetanus is 
best for aoouraoy. Three charges and three discharges of 180 volts of a 0-6 
mfd. condenser give 30 x 0-6 X 180* = 486,000 ergs., and these can easily 
be distributed by band over a 2-aecond interval; the charge and discharge 
being in opposite diieotions tend to neutraUse polarisation. If leqnuod, 
moreover, a oommntator can be used, giving disohaiges only, or charge and 
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dubharge alternately, during a time determined by a revolving contact breaker. 
The arrangement shown in fig. 2 is simple and can be employed for stimulatioii 
as well as calibration. Its use is explained in the legend. 

The condensers employed for calibration in the present work were of about 
0*6 and 1*0 mfd. Their capacities were accurately determined to within 
0*001 mfd. by comparison with a known standard condenser. The condensers 
should be good ones, preferably of mica, so that they hold no residual charge. 
The potentials were measured with a high resistance Weston voltmeter. 

As stimuli for single twitches, condenser discharges, whether to nerve or 
muscle, are much more easily controlled than induction shocks. For tetani 
the arrangement shown in fig. 2 with the commutator is far superior to an 
inducti<m coil. The individual shocks can be accurately graduated, and 
delivered at such a speed that summation is only just complete. It is very 
important, if a tetanus is to be well maintained, that the frequency should not 


Dial condenaer 

-f 


tfcverglng k 





Morse kcj 


Fio. 2.—EHeotrioal oonneotions for stimalatioa, or oalibration, by oondenser disoharges. 
H--S and R-M doable-pole throw-over iwitohes. OD-D tingle-pole throw-over switoh. 
When oootaot it made to B[, the high tension battery it oonneoted for heating ; when 
to 8, the low tension batt^ for stimulation. The reversing key is employed to give 
the best direction for stimalation. When oontaot is made to D, oondenser disoharges 
alone pam throogh the mosole; when to OD chargee and disoharges pam thioogh it. 
When contact is made to M, the Morse key is in oirouit, for diaohaxge, or oharge and 
disoharge, by hand; when to R the commutator is in oiroalt for regular series of 
dbohsiges (or for alternating oharge and disoharge). The oommutator, if desired, 
osn be replaood by a simple rooker, like a Morse key, driven meohanlcally. The dial 
oondmser used was.adjustable from 0-001 mfd. to 4-11 mfd.; this is oonvenlent, 
bat a few good oondensers, «,p., 0-5, 0-1 and 0-05 mfd. are suffloient for nearly all 
purposes. K| and are keys on a Luoas revolving oontaot breaker, opened at any 
desi r e d interval to allow the stimulating, or oallbratlng, ourrent to pass during that 
interval is dosed when the Morse key is used. 
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be too high; at 6° C. vrith frog’s mosole it need not be more than 6 per second, 
at 0° C. 3 or 4 per second are sufficient. The speed of the commutator (or rocker) 
can be set to any desired value, and so with an adjustment of voltage and 
capacity a complete control of stimulation is obtained. 

As Bozler points out (1931) this method is greatly superior to the old one, 
when employed for calibration in nerve-heat measurements. In the old one 
the very weak alternating current used for calibration had to be measured, 
which required extremely sensitive instruments. With the present method 
the energy in the condenser discharges is just as accurately known, however 
weak these may be; the capacity and the potential can be reduced as required, 
without diminishing the accuracy with which the energy is measured. 

The Value of TI/H tn Twitches of a Frog’s Oastrocnemius .—^In an isometric 
twitch, as the length at which the tension develops is increased Tl/H increases 
at first, then attains a maximum, and then decreases again. T and H have 
muTiTna at about the same length, and the maximum of Tl/H is rather blunt 
(see Hill, 1925). The greatest value, therefore, of Tl/H is easily obtained by 
working with an initial tension which gives the greatest value of T; in the 
gastrocnemius, which is very inextensible, this is most readily found by 
raising the tension lever away from the muscle until the initial tension just 
begins to increase rather rapidly. All observations have been made at this 
lengtL 

The Achillea tendon was very firmly tied to a strong straight wire leading up 
to the lever, which was as nearly isometric as could be made. It is very 
important in a twitch, if the maximum value of Tl/H is required, to make the 
contraction as isometric as possible. The lever was calibrated over its entire 
range of movement, and millimetres on the drum were read off as grams weight 
on a curve. Condenser discharges were employed as stimuli to the sdatio 
nerve, usually 4 volts, 0’03 to 0’06 mfd.; these were well in excess of maximal 
but not so great as to produce repetitive response. Usually 10 twitches were 
given at intervals of 0-7 sec. (or at low temperatures, in the neighbourhood of 
6” C., at intervals of 2 to 3 seconds), the total initial heat being measured 1^ 
the galvanometer deflection, and the tension recorded on a moving drum. 
In some of the early experiments single twitches were given, but greater 
accuracy is attained by giving at least 6; it is possible indeed to record the heat 
in as many as 30 twitches, in a single galvanometer deflection. 

The experiments were in three series, all on the same batch of Hunprian 
frogs. The first series, on 20 muscles, I made myself between June 8 and 
July 9 all at room temperature (about 20° C.). The values of TI/H were as 
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follows, T being in gruna weight of tenskm developed, I being mnsole length in 
centimetres and H initial heat in gram eentimetces:— 

10-7, 141, 11-7, 11-8, 12-3,12-3.11-8, 10-7, 12-0, 16-0, 14-6, 13-6, 
14-3, 16-3, 14-2, 14-4, 17-6, lB-9, 16-7, lB-7; mean 13-8. 

The next aeries was noade independentl 7 at zoom temperatnra by Dr. McKeen 
Cattell on the same frogs. His values (July 7 to July 10) were:— 

16-7, 11-6, 11-8, 10-8, 12-7, 13-1, 12-6, 11-8, 12-6, 13-6, 11-8, 11-0, 
15*3, 14'7, 13‘3; mean 12*9. 

A third series was made by Dr. Cattell at about 6° C., the values were:— 
14-4, 12-0, 12-5, 16-1, 12-9, 15-1; mean 13-7. 

As usual wo find that Tl/H in a twitch is independent of tempemtura, and 
it is satisfactory that two different observers should obtain results so close to 
one another. The mean of all values is 13 ■ 4 and the toot mean square deviation 
of a single reading is 1 ■ 8 ; thus, mumming no consistent error to have occurred, 
the probable error of the mean of the 41 readings is only 0*2, so that we may 
regard the value 13 <4 as reasonably certain. 

This value of Tl/H is just twice as high as that obtained in the present 
research with sartorii of the same batch of frogs. It is most unlikely that the 
difference is due to any inherent difference between the fibres of the two 
muscles. The measurement of the length of a gastrocnemius is certainly 
rather arbitrary. It is simple enough to stretch it to a “ standard ” length, 
i.e., until the tension jnst begins to rise rapidly, after which it becomes very 
inextensible. The difiSonIty liee in deciding on the points on it from which to 
measure. The upper end, where mnsole joins bone, is fairly definite; the 
difficulty occurs at the lower end ; where does mnsole cease and tendon begin t 
If, however, they examine it closely with a lens two observers wiU usually 
agree within 1 mm. as to the point whoe muscle finally merges into tendon, 
and if this point be marked with ink the measurement is easy. It is important, 
in view of the oomparison (see Disonssion bebw) of the present results with his 
chemical ones (1931), that Dr. R. Lundsgaard and I found that we agreed within 
1 mitL in estimating the length of a gastrocnemius; Dr, OatteU and I sunilaily 
agreed; 1 mm. is oifiy 3 per cent, of the length, which (as a laiulom error) is 
neg^ble in comparison with the mean deviation of a tingle determinatkin of 
Tl/B- Thns, if it be agreed to measure from the point where the round end of 
the mnsole joins the bone to the point where muscle finally m e rge s into tendon^ 
no important random enoi is made. It remains to oonaidar. whether any 
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oMuistent error ariaes. In the case of the sartoriiiB the measurement of I 
is practically free from error, since the portion of muscle considered is tiie 
neaiiy uniform piece between the electrodes, which are at a definite distance 
apart. 

The real explanation of the difference between TI/H for gastrocnemius and 
HSrtorius is almost certainly that in the former the fibres (or groups, bundles or 
chains of fibres) do not run, on the average, more than half the length of the 
muscle. The rest of the length is made up by tendon. Indeed, the shape of 
the gastrocnemius implies that many of the fibres run diagonally, thus ensuring 
a grotter development of tension for a given weight and length, at the expense 
of a smaller possible shortening. In 1913 I estimated that the area of the 
tension-length curve of an excited sartoiins is about 1/6-9 of the product TI, 
where T is the tension developed at the “ resting ” length 1. In 1921 Meyerhof 
in one experiment each on an adductor, a senoimembianosus, a gracilis and 
two sartorii found an average factor of 1/8-6. For gastroonemii he found an 
average factor of 1/13-4. In 1923 Fenn discussed the difference and concluded 
(with me) that it is duo to the diagonal arrangement of the fibres of the 
gastrocnemius. In 1924 Mashimo confirmed this omolusion by taking a strip 
of the gastrocnemius containing parallel fibres; for this he found the area of 
the tension-kogth curve, in a tetanus of 0-6 second at room temperature, to 
be on the average 1/6 Tl, where I was the Imgth at which maximal tension T 
was developed. In simihur experiments on a strip of sartorius he found an 
average factor of 1/4. The absence of any considerable difference between the 
two muscles, when parallel fibres only were compared, showed that the diagonal 
arrangement of the fibres in the whole gastrocnemius was the teal cause of the 
difference normally observed. 

The oonsidetable differences, however, found by various observers fox the 
ratio Tl/A, where A is the area of the tension-length curve, made it desirable 
to reinvestigate the matter with greater precautions. This has been done, 
as described in the next section, with the result that Tl/A has been found in 
gastroonemii to be on the average almost exactly doable its value in sartorii, 
thus confirming the oonolusion of the myothermio measurements that 
I in the gastrocnemius should be taken as half the measured length of the 
muscle. 

TheBatioTljA.. —^Forclearness of definition, letibe thelengthofamusoleat 
which it develops the maximum tension in a single twitch; I is not far from the 
resting length. Let T be that wiaTimnm tension. Let A be the area of the 
tensum-length curve (for single twitches), measured up to but not beyond that 
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leogih I. It is required to compare TI/A for gaBtroonemii and sartorii of the 
uxQBf or aimilar, frogs. 

The eaperiments were made at room tempeiatnie, the sartorii (used in 
pairs) being stimulated directly, the gastroonemii (used singly) through their 
nerves. Condenser discharges were used as stimuli, about 4 volt, 0-1 mfd. 
for sartorii, 4 volt, 0-03 mfd. for gastrocnemii. The muscles were very care¬ 
fully prepared, rigidly held, and connected by straight wires to a good isometric 
lever writing on a drum. The lever was held on a heavy Palmer stand, and 
so arranged that it could be screwed up or down 1 (or 1|) mm. at a time with 
accuracy. The muscle was first stretched well beyond the length for maximum 
teusion development, and given a few preliininary stimuli. Shooks were then 
applied in pairs at each length, the interval between the two being 6 seconds ; 
the lever was then screwed down, releasing the muscle by 1 (or 1|) mm., and 
after 12 (or 18) seconds two more shocks were given at the new length, once 
more with an interval of 6 seconds. Again the length was diminished by 1 
(or 1|) mm. and after another 12 (or 18) seconds two more shocks were applied. 



Fio, 8.—Reoardfl from gutroonernii (I and U) and sartoriiu (III). Maximal twitohss. 
The niunben repremt length in millimeiM. Four twitches at each length, two in 
deeoendlng and two in asoending series. The second twitch only of each pair is 
measoied, and the mean of one in the descending and one in the ascending secies is 
plotted in fig. 4 against length. 6 seconds between twitches of a pair; 18 seconds 
between pain, daring which the length was changed. Kote that the sartortna reoofd 
(in) was made in two halves, the descending sad the ascending series ro^eottni^. 
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The prooeduie was continued until practically no tension was developed, and 
then reversed, pairs of twitches being recorded at the same intervals with 
increasing length* When the original length was reached the experiment was 
at an end. The tensions were registered on a slowly moving drum. Records 
on the two gastrocnemii of one animal are given in fig. 3, and for comparison, 
below, the record from the sartorii of the same animal. Note that the gastroc¬ 
nemius records are each in a single portion ; for the sartonus, tensions with 
decreasing lengths are above, with increasing lengths below. It is evident at 
once how much more shortening the sartorius can undergo, and still develop 
tension, than the gastrocnemius. 

In calculating the results, the second twitch only of each pair at any length 
was measured, but since each length was reached twice, once in the descending 
and once in the ascending series, there were two values of the tension developed 
at every length, and the average of these was taken. By this means any 
progressive change in the muscle due to stimulation, whether treppe or 




Fto. 4—Mesa temrioni measured from reoorda of fig. 3 and plotted against len gt h , I and 
TT, gas^oonamii; III, saitorios pair; all ol the same animal (Hangariaa S, sml), 
VsBiloal lines aze drawn for each curve to show the Tnaxlmnm tension T. If 2 be the 
length for MSTinnitin ten sjer, and A the area of the curve to the left cl the maximum 
twwkm, Tl/A hoe the f<dlowing values: (I) 8*75, (II) 8'2, (III) 4*99. Note that the 
eurves for gastroonemins and sartorius an almost precisely simil a r in shape, but 
matih wider In the case of sartorius, corresponding to the greater fifaxe-length. 
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ftttigae, tends to be eliininated. In fig. 4 the tensions measmed off from the 
recoids of fig. 3, and averaged as described, are plotted as a function of the 
length. The valne of {is taken as the length at which the tension is a mazimnm. 
T is that tension, and the area of the tension-length curve is measured to the 
left from the maximum tension. In the top record (fig. 3) (curve I, fig. 4) 
the ratio Tl/A is 8*76 ; in the middle record (fig. 3) (Curve II, fig. 4) it is 8-2 ; 
mean (saj) 8-5 for the gastrocnemii. In the bottom record (fig. 3) (curve 111, 
fig. 4) TI/A is 4*99 for the two sartorii. The one ratio is 1 *7 times the other 
in this particular animal. This is less than the mean, which is 2 (see below); 
probably individual gastrocnemii differ from one another in the average slant 
of their fibres, certainly they differ in shape, some being relatively much 
thicker than others. This may be one cause of the observed variation of 
TI/H. 

Many such experiments have been made, of which the results are given in 
Table 11, The mean for the gastrocnemius is 9*8, and for the sartorius 4*9. 
The ratio is 2-0. The ratio of Tl/H for gastrocnemius to TI/H for sartorius 
is 13*4/6*8 = 1*97, almost exactly the same. Thus A/H is the same for 
gastrocnemius as for sartorius, where A is the area of the tension-length curve, 
and the reason why Tl/H is twice as great for the former as for the latter is 


Table IL—The Ratio Tl/A in Twitches of Castiocnemius and Sartorius. 


Number of frog: 

1 . 

2 . 

3. 

4. 

5. 

6 . 

7. 

Tl/A, gaatroonemitw 

8 -2. 

8-3 

8 -2, 

8-75 

8-4, 8-4 

8-9 

10-0 

_ 

9-0 

T2/A, eartoritu . 

4-83 

4-99 1 

4-66 



4-87 


Number of frog: | 

a 

9. 

1 

10 . 

11 . 1 

12 . 

1 

13. 

14. 

15. 

16. 

17. 

Tl/A, gaatrocnomiuB 

8-4 

9-2 1 

0-75 

10-1 

9-9 


_ 

■ ■ 


_ 

Tl/A, lartorius 

— 



— 


4-8 

4-6 

6-7 

4-72 

4-45 

Number of frog; 

18. 

19. 



B 

23. 

Mean. 

Tl/A, gastroonemiuB 



10-7 

f 

10-0,10-7 

12*8 

11-8 

10-5, 

18-6 

9-8 

Tl/A, lartoilue .. 

. 

496 

’ 

1 1 

4-05 

1 ”” 




4-9 


NoU .—In Atb expoiimanti on ihort teUni of s Mitorins «t 0” C. Hsrtxee and HiU (2928, p. 12) 
fonnd Tslae* of T</A 4*9, 4*7, d<0, 5-6, 4-9. mean 5*3. From lU ezpeiimenta (sartoiil, 0-1- 
aaeond tetanui) at 9” and 16° G., HiU (1925, p. 257) ocHiatruoted a mean onrve. relaUng teneton 
developed to Icmgth, which k very iimilar to that of flg. 4 and ellowi a value of Tl/A ■■ 4*55 to 
be oel cnl at ad . Both theae valiiee are in oloee affreemeat with the one riven In tbk table for 
iirtorli, indeed their mean ooi n efcki with it. 
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tiiat I u twice the average length of the fibres, or of the bundleB of fibres in 
parallel. 

The factor used by Meyerhof to reduce the length of a gastrocnemins to the 
average length of its constituent fibres is 0*69 (see Meyerhof, 1930, p. 233). 
The value found here by two independent methods, viz., 0-6, differs so oon- 
siderably from Meyerhof’s that it will be necessary to recalculate his isometrio 
coefficients whenever they have been measured in gastrocnemii and compared 
with other muscles. It is most unlikdy that his frogs differ much in this 
respect from the batch used in the present research. It may be that there is 
a amftll consistent difference between our measurements of the length of a 
gastrocnemius, but it cannot be as large as the difference between our factors 
O’O and 0-69; and Dr. Lundsgaard, who has worked with both of us, agreed 
with my estimates of the length. Thus in comparing the isometric ooeffiments 
for lactic acid and phosphagen observed on gastrocnemii with the isometric 
coefficient for heat the value 13*4 found here should be assumed for the latter, 
and in comparing gastrocnemii and sartorii the lengths of the former should 
be multiplied by 0*6 before the comparison. 

The Effect of Activity on the Ratio Tl/H in a Ttmteh.—In 16 experiments 
TlfH. was measured in successive series, sometimes with 2-8eoond tetani 
interposed. Taking a 2-second tetanus as equivalent to 20 twitches, dividing 
the value of Tl/H by that observed in the first series of all, and plotting the 
relative value of Tl/H so calculated as a function of the number of preceding 
twitches, wo obtain fig. 6. The points ate rather scattered, but that is partly 
due to the large scale of the figure. It is clear, however, that there is a definite 
increase in Tl/H with the amount of preceding activity. There is no fatigue, 
properly so called, after 60 twitches; each twitch gives an initial heat of 0*003 
to 0*004 cal. per gram., 60 twitches therefore about 0*2 cat per gram, which is 
not more than one-third or one-quartor of the total heat the muscle is capable 
of giving out anaerobically before exhaustion. The twitches occurred in 
■mall groups, usually of 10, with several minutes’ interval between, so that 
although no oxidative recovery was possible in the interior of the muscle, 
anaerobic recovery {e.g., the partial restoration of phosphagen) can have gone 
tm to the greatest degree possible. This increase of Tl/H with activity may be 
associated (1) with the change over from phosphagen breakdown to laotio 
acid formation as the source of energy for contraction, or (2) with the change 
of Pb* 

The effect of previous stimulation on Tl/H in a twitch was investigated 
before (ffill, 1928, b, p. 165) on sartorii (Bng^ R. temp, or Dutch R. ess.) in 
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Fia. 6.—^The inoiMse of Tf/H in a twitch with prooecling activity. AbcolMa—the number 
of preceding twitches (or their equivatent, 2-seoond tetanus at 20” C. being aasomed 
equivalent to 20 twitches). Ordinate: the value of TZ/H in a short series of twitches, 
expressed as a fraction (or multiple) of that in the first series of all. 


Table III.—The Effect of Previous Activity on the Ratio TI/H in a Twitch. 


Number of experiment i 

1 . 

2 . 

3. 

D 


e. 

B 

8 . 

Number of twitches . 

5 

10 

10 

10 

10 

10 

10 

10 

TZ/H . 

11-8 

128 

11-6 

12 0 

16-0 

14-6 

13-6 

11-8 

Number of twitobes. 

10 

U 

10 

10 * 

10 * 

10 * 

20 * 

10 

TZ/H . 

11-7 

12-7 

la-o 

IS-S 

16-7 

10-8 

13-7 

12-4 

Number of twitches.. 

■H 

9 

11 


10 * 

10 * 

20 

10 

TI/H .1 

H 

13*4 

12-0 

— 

18-4 

17-0 

14-2 

IS-S 

Number of twitches. 


16 

10 

_ 

_ 


20 


TZ/H . 

H 

13*3 

18-4 

— 

— 

— 

14-6 

— 

Number of twitches. 


10 

20 





_ _ 

TZ/H . 

B 

16S 

i 

14-2 

— 





Number of experlmmit t 

0 . 


11 . 

18. 

13. 

14. 


16. 

Number of twitches. 

10 


10 

10 

10 

10 

10 

10 

TZ/H .. 

131 

11-8 

13-6 

11-8 

10-3 

14-7 

11-6 

12-8 

Number of twitohn. 

10 * 



10 

10 * 


10 

10 

TI/H . 

10*8 

11*4 

10-6 

11-9 

16-1 


12-4 

12-2 

Number of twitches. 

10 

10 



10 * 


- 


TZ/H . 

17-4 

12-4 

— 

-- 

18-2 

““ 




* Preceded by a 2HwooDd tetanus. 

JVote.^AIl the experiments were at about 20* O. except the last two which were at 5* 0. 
After each secies, or tetanus, wvenl nlnatss worn aUowed tor the tempsiators to ssttts down. 
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nitrogen after previous soaking in phosphate Ringer's fluid at pe 7*4 to 7*6. 
Very little change in TI/H was found, even after considerable activity (mdeed, 
up to thiee-quarteiB of total exhaustion). The earlier part of the range^ 
however, was not specially studied, and it is difficult to detect in the older 
results any sign of the increase of TI/H during the first 60 twitches found in 
the present experiments. Very likely it did not occur. The change of 
during the earlier stages of activity is almost certainly diSerent (a) in a sartorius 
previously soaked in well buffered Ringer’s solution at pe 7*4 to 7*6, and (6) 
in a gastroonemiuB not soaked for long and because of its size almost unaffected 
by soaking; possibly the behaviour of TI/H depends upon the initial pa and 
the buffering of the muscle. It may be that the muscles of the large Hungarian 
frogs differ in some respect affecting the behaviour of Tl/H from those of the 
small English and Dutch ones. The increase of TlfS shown in fig. 6 appears 
BO regularly, though in somewhat variable amount, that it is difficult not to 
believe in its real existence; it may somehow be associated with the greater 
** spreading-out of the twitches of the later series, which is much more obvious 
in the Hungarian frogs than in the English ones. The matter needs further 
investigation. 

The Value of TI/H in Tetanic Contractione .—Many experiments were made 
on gastrocnemii with tetanic stimuli. At the higher temperature (about 20^ C.) 
these were all (except one) of 2 or 6 seconds’ duration ; at the lower temperature 
(about 6^ 0.) they were all of 10 or 25 seconds. Maximal condenser discharges 
were used as stimuli, at a frequency very nearly sufficient to cause complete 
Buimnation (see figs. 6 and 7). By this means the tensions vrere better main¬ 
tained. No experiment is included in which the tension fell off appreciably 
during the stimulus. In several experiments the tension developed was poor; 
these also were discarded. 

The muscles were in all cases dissected some time before the experiment and 
kept in well oxygenated Ringer’s fluid in a beaker and then in the thermocouple 
chamber. After thermal equalisation the Ringer’s fluid was removed and the 
muscles given a few shocks for test purposes, and then in the earlier experiments 
one or more series of 10 shocks to allow TI/H in twitches to be measured. A 
2-second tetanus was then applied, followed either by more twitches or by 
farther tetani. The results in Table IV were obtained (June 10 to July 1) 
on 2-S6Cond tetani at the temperatures named. The **reduced” time is 
calonlated, aoooiding to Feng (1931), by multiplying the actual time by 
(g. 1^/10 where 6 was the temperature of the experiment in question, and 3*1 
is the temperature coefficient. 
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Table lY. 


Tompenhture>" C. 

'* Reduced timei" ■eoouds et 0° G. 

Number of jneoeding twitobee . 

lit S-eeoond tetenne 
H/Tf, 2iid 2-eeooitd teUmis 
H/Tf« 3rd 2-eeooiid tetanus 
H/TI» iUi 2-i»ooDd tetanue 
H/Tf, extmpoUted to net. 

H/n, twitobee . 


18 

13'8 

10 

0-64 

O-0S 

0-40 

0-80 

0-70 

0-081 


18-9 

170 

14 

0-60 

0 - 02 * 

0-40 

0-71 

0-083 


18 

10-3 

16 

0-776 

0-71* 

0-08 

0-81 

0-068 


90-1 

19-4 

10 

0-68 

0-48t 


0-68 

0-009 


91-9 

17-9t 

13 

0-780 

0-696 

0-64 

0-61 

0-78 

0-070 


* Pnoaded by 10 twitobee. 
t Pmoeded by 20 twitobee. 

11| eeoonde eotueL 

The five experiments of Table IV were made by myself. They were followed 
by the experiments of Table V on 2-S6cond tetani, made independently by 
Dr. McKeen CattelL 


Table V. 


Tbmpunture, 0° 0.. 

20-8 


20-2 

20-2 

20-2 

** RodaoDd time," aeoondfi at O'* C. 

19-6 


19*6 

19-6 

19-6 

Number of pmuediug twitobee . 

20 


42 

30 

21 

H/Tf, let S^eecond tetanue . 

0-670 


0-00 

0-66 

0-64 

H/T2, andS^BcoiidtetaniiB . 

— 


— 

— 

— 

UjfTlI Sid S-eeoond tetanue . 

— 


— 

— 

— 

H/Tf, extnpolatod to net. 

0-74 

0-74 

0-77 

0-04 

0-70 

H/TI, twitobee... 

0 079 

0-076 

0-088 

0-079 

0-074 

Tempemtuxe, 0“ C. 

20-10 

20-10 

20-10 

20-10 

20-10 

** Reduced time,'* eeooDda at O'* C. 

190 

19-0 

19-0 

19-0 

19-0 

Number of pnoeding twitobee . 

27 

24 

18 

19 

22 

H/Tl, let 3-aeooiid tetanue . 

0-98 

OMS 

0-61 

0-70 

0-89 

H/Tf, 2nd 2-eeoond tetanue . 

— 

— 

0-51* 

0-64* 


H/Tf, 3rd S-eeound tetanue . 

— 

— 

0-47* 

— 


H/Tf, extnpolatod to net. 

1-06 

1-00 

0-67 

0*82 

0-90 

H/Tf, twitobee. 

0-080 

0-091 

0-060 

0-068 

0-070 


* Pnooded by 10 twitobee. 


In the next scries, also mode by Dr. Cattell, no preceding twitches were 
allowed except the one or two required to ensure that everything was working. 
In these experiments it was intended to carry out the following prooednze: 
to the first musole of a pair to give 2-8econd, fi-second and 2-second tetani in 
Older; to the second muscle fi-second, 2-8eoond and fi-seoond tetanL See 
fig. 6. Often, however, one muscle of the pair broke its bone, or pulled the 
thread from its tendon, so that a complete comparison was not always possible. 
He results are given in Table VI. 
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FlO. 6.~LaBt experiment of Table VI. Tetani of f^troonomll of Uiingarlan H. esc, at 
18-0^ C. Top row : 2 eeoonda, 6 seconds, and 2 seooads ; H/T/ = 0-75, 1'85 "-wd 
0-52, Bottom row, opposite mosole : 6 seconds, 2 seconds and 5 seconds ; H/TI ^ 
1-49.0-57 and 1-02. 


Table VI. 


Tsmperatnre, 0^ C. 

20'1 i 

8 second “ roduoed ** to 0® C. . ., 

10-4 

5 second " reduced ** to C. 

48-n 

H/Tl (2 seconds) . 

0-81 < 

H/Tl (5 seconds) 

1-36 ' 

H/TI (2 seconds). 

0 U6 

H/rr (S Moonda) . 


H/TI, extrapolated to rest (2 sec.) 

0-81 , 

H/TI, extrapolated to rest (5 sec.) 


Temperatare, 0*’ C. 

1 

1 19-6 

2 seconds “ r^uoed " to 0° C. 

1 18-3 

5 seooiuls reduced " to O'" C. . .. 

1 400 

H/TI (2 seconds) . 

' — 

H/n (5 seconds) . 

1 1-53 

H/TI (2 seconds) . 

! 0-00 

H/TI (5 seconds) . 

1-25 

H/TI, oxtrapulatod to rest (2 sec.) 

0*77 

H/TI, extrapolated to rest (5 soc.) 

1-53 


20-1 

! 20 

•1 

10-6 

10-4 

1 19-4 

18-8 

48-5 

! 48-5 

46-0 

0-75 

1 _ 

0-69 


i-.3r> 

1-35 

1-17 

1-62 

O-til 

0*61 

0-536 

0-72 

— 

105 

— 

1-48 

0 75 

0-73 

0-60 

0-84 

14 a 

' 1-35 

1-28 

1-62 

10-2 1 

10-2 

17-6 j 

i 17-6 

440 

44-0 


0-53 

— 

0-735 

1-20 

0 98 ' 

1-48 

1-21 

0 535 

0-435 1 

0-665 

0-55 

1 06 

_ 1 

0-99 

— 

0 65 

0-53 ; 

0-77 

0-73 

1 20 

100 

1-48 

1-32 


Temperature, 0** C. 

19 


19 

18-9* 

2 secondB ** reduced to 0“ C. 

X7-2 

17-2 



5 seconds “ reduced ” to 0” C. 

43 


43 

42-5 

H/n (2 seconds) . 

— 

0-506 

0-70 

0-76 

— 

Hjrri (Seeoonds) . 

1-41 

0 83 

t 

1-26 

1-40 

H/n(9M00iuii) . 

0-57 

0-38 

0-72 

0-52 

0-57 

H/TI (5 seconds) . 

0-88 

■— 

— 

— 

1-02 

E/TI, extrapolated to rest (2 sec.) 

069 

0-50 

0-70 

0-76 

0-60 

M/Tit extrapolated to rest (6 sec.) 

1>41 

0-94 


1-36 

i 

1-49 
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One fut if immediiitoly evi^flpt in IY to VI, m, ton afltofc of stimu¬ 
lation in lowering "Bj^ in a tetanus. Umo mmdM wen unriUsti^ieooTet^ 
they wece in nittogsn or air-<«nd the progteeshre ■Iowiag'*^da» to activity 
without reooveiy makes them more eocmomioal in mainteiniDg a taniioit. The 
■eiwe effect was desoribed by Veng (1931> p. 629) for Dutch JB. mol, but was 
very much less thsn in toe present case. In ordto to oompace ilw present 
lesults with one snother it is neoesiaiy to allow for. the aifBOte.Of pravtous 
activity. In seme ceius 'inbooeesive observations vfitliB 'toads w tbs same 
muBole, and it was possible to extrapolate to the case of a fresh muscle by 
mmiining —^what is approximately true in the neighbourhood of 20° 0. — that 
the heat produced in 20 twitches is the same as that in a 2-seoond tetanus 
and one-half that in a 6-seoond tetanus. In the other oases a mean ooneotion 
for the previous effect of a 2-second tetanus was caloulated as follows:— 

(A) On H/Tl in a 2-»eoond Tetanut. —(1) As the difference between two 
successive values of H/TZ in a 2-seoond tetanus; and (2) as one-third the 
difierenoe between two values of H/TZ in a 2-seoond tetanus with a 6-seoond 
tetanus interposed; these were calculated from 14 esqaeriments and the mean 
value found to be O'OO. 

(B) On H/TZ m o 6-aeixmd Tetanus. —One-third the difference between two 
values of H/TZ in a ZS-second tetanus, with a 2-seoond tetanus interposed, was 
calculated and found to be 0 ■ 11. 

These corrections were then applied, and the extrapolated values for a fresh 
muscle are given in the last row, or rows, of each table. 

The experiments of Table VII were performed (by Dr. Gattell) at about 
6° C. on 10-seoond and 26-6econd tetani of the musoles of frogs joeviously kept 
in a cold store at about 3° C. 


Table VU. 


Tempftiatuio, ® C . 

4*8 

5-3 

5-6t 

10 •Mondi “ ndnoed " to 0° C . 

17-2 

18 


18-5 

25 leoondb *' roduoDd *' to 0 ° C . 

42-5 

46 


46-8 

H/TWiawoondi) . 

— 

0-565 

0-67* 

— 

0-61* 



110 

1-065 

1-14 

104t 

1-10 

l-Ol* 


0-46 

0-465 

U-53 

0-485 

0-51 

0-41 

H/TI(85i»ooncifl) . 

0-98 


— 

0*98 

— 

0-86 

H/TZ, extrapolated to rest (10 see.).... 

0-54 

0<S6 

0-71 

0-62 

0-66 

0-53 

H/TZ, extrapolated to net (25 boo.).... 

1-10 

Ml 

1-88 

1-10 

1-18 

1-05 


* Piooeded by 18 twitohMt 
t PiDooded by 86 twHobet. 
t See fig. 7. 
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Fiq. 7.—Lost ezpenment of Tablo VII. Twitchefl and tetani of gastrocnemini of Hongaiian 
if. MC. at 5*a^ C. Vrog prerioiuly kept in cold store at about 3*^ C. Top row (1) 
0 twitohos at S-seoond intervals, T2/H — 12*8; and (2) 10 twitches at 2|-seooiMl 
intervals, T2/H = 12*2. Note the spreading out of the twitches and the recovocy 
between the two aorien. Bottom row; 10-second, 25-aecond and 10-seoond tetani, 
U/Tf — 0*61, 1*10 and 0>5l. Note the low frequency of ntimulaticm, individual 
twitohos initially oliviouH but gradually diHappcaring. 


The extrapolation waa carriod out a» before, it being assumed that (at 5° C.) 
20 twitclies have the same effect os a 10-second tetanus and hall the effect of 
a 25-second tetanus. 

The results (extrapolat^Kl to rest) of all four tables are given in fig. 8. The 
small circles are for the gnstrocnemii, hollow for the high temperatures, full 
for the low ones. The line drawn through them goes also to the mean point 
for twitches on the left. In the same diagram is given Feng’s mean curve for 
the sortorii of R. temp. (English), and around this are shown by large circles 
the values found in the present research for the sartorii of R. esc. (Hungarian)^ 

Note that for sartorii, the curve and the plotted points are given on twice 
the scale vertically, to allow for the fact that I in a gastrocnemius is twice 
the average length of the fibres, or fibre bundles. 

It is evident that there is no considerable difference between the sartorii 
^ of the frogs used in the present research and those used by Feng. The large 
circles lie approximately round Feng’s curve. It is equally evident, however, 
that the gastrocnemii fit a very different curve from tlic sartorii; to make the 
gastrocnemius curve fit the sartorius one it would be necessary to reduce its 
tiine-Boale to about 60 per cent. What the explanation of this may be cannot 
be definitely stated at present; the fact is clear and must be due to some 
intriiuno property of the muscle fibres. It is possible that a rapid change in 
the time-scale of the muscle (the spreading out ” described below) daring a 
tetanus is the cause of it. 

The dark ciioles are clearly lower than the light circles, possibly we ought 
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Fra. 8 .—Kin in iioraetno tetinio oontrootionfl plotted BgainBt ** reduced time.” (The 
“redueed time” (Feng, 1931) ie the eotuel time multiplied by (3'1)9/10, where6^C. 
if the temperEtoTO of the experiment *nd 3-1 is the temperature coeffloient) The 
upper ouxre is copied from Feng'a paper, it is for the sartorii of English B. temp. The 
Urge circles are observations on the sartorii of Hungarian B, uc. The lower carve is 
drawn through the observations on gastrocnemii of Hungarian B, esc. Note that the 
scale for sartorii (right) is twice the scale for gaatrocaemii (left), to allow for the fact 
tiukt the fibres (or fibre bundles) of the Utter run on the average only half the length 
of the muscle. (The value of H/Tl for (seconds at any temperature O'* C. can be read 
off on the curve for i (3-1)*/^^ seconds.) 

to have employed a rather greater temperature coefficient than the 3*1 whioh 
Feng found for the sartorii of R. femp. It should be noted, however, that the 
three frogs used for these experiments at 5° C. had previously been kept in the 
cold (about 3** C.) and may have been in different condition from the rest.* 
The “ Stowing ” of MttadeB as (he Resutb of Activity .—It was shown by Hartree 
and Hill (1921, a, p. 148) that the “efficiency” of a sartorius muscle (jR. 
temp.) in maintaining tension during an isometric contraction is increased by 
previous activity, which is well known to slow its response ; they regarded this 
as an example of the general rule that any factor which makes the twitch slower 

* Other experiments at 6° C. were made with the muscles of frogs not pnvioasly kept 
In the cold, but their rwponso was weak, or their oontraotioiis were not well maintained, 
and the resulta were of no value. 
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also makes the tetanus more economical. The relation shown by them (fig. 4), 
by Feng (1931, fig. 1) and in the present paper (fig. 8), between H/Tl and 
duration of tetanus, rises initially at a greater rate than it does later on 
indicating either (a) an increase in the ratio of tension to heat (see Hartree and 
Hill, 1921, b, p. 406), or (6) a slowing of the muscle in its response to successive 
elements of the stimulus. Bronk (1930), also employing the sartoni of R, 

temp,f found the economy of maintaining tension TdlfH^ to be increased, 

by increasing the frequency of stimulation, up to the limit of complete fusion, 
while in a very prolonged contraction, the ** economy might increase more 
than five-fold, as the result of the slowing associated with the onset of fatigue. 
Boeler, in similar experiments on the retractor of the pharynx of the snail 
(1931), found daring a prolonged contraction an increase in “ economy ” of 
maintaining tension of 6 to 10 times, which was associated as usual with a 
great slowing of the muscle. With one shock every 3 seconds, at first a very 
incomplete tetanus was obtained, but at the end a perfectly smooth contraction ; 
the rate of heat production greatly diminished, in spite of the tension remaining 
constant. Feng (1931, fig. 2), working with the sartorii of R. temp,, found in 
successive 2-second tetani an increase of TZ/H, which, however, was far less 
than that observed in the present experiments with the gaatrocnemii of 
Hungarian R. esc. In continuous tetauio stimulation he found, as Bronk did, 
a strikiDg increase in the ** economy ** of tension maintenance; this he related 
to the progressive slowing of the muscle. 

During the course of the present research striking direct evidence of this 
slowing was found, which may throw some light on its nature. It was much 
more obvious, for some reason not yet known, in the muscles of lazge Hun¬ 
garian R. esc, (at any rate in the batch employed, sent from Hungary at the end 
of May, used in June and July, and in good condition throughout) than in those 
of Fnglifth R. temp, or Dutch R, esc. In fig. 7 above are shown the twitches 
and tetani of a gastrocnemius at 6-5° C. The muscle was quite fresh and in 
excellent condition (twitches about 750 g., tetani about 1,250 g.). The first 
six twitches, at 3-Becond intervals, showed a considerable spreading out of the 
contraction, indeed the sixth twitch lasted almost twice as long as the first. 
The next 10 twitches (2i-second intervals) showed an even more striking effect, 
and it is noticeable that the first of this group was just as fast as the first of 
the preceding senes—almost complete recovery in this respect had taken place 
anaerobically in the 3 minutes between the two senes. In the tetam the sum* 
mation was initiaUy incomplete, but rapidly became nearly complete—an 
example of the same phenomenon. 
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The effect is being investigated by Feng and Paridnson, but some further 
details of it ore available. The anaerobic recovery referred to in the speed of 
contraction is rather rapid, it is nearly oomjdete within half-a-minute of the 
last stimulus. It is, however, never quite complete; for example, the first 
twitch in each of the five series of fig. 9 became progressively slower. Moreover, 
even if the first twitch of a series was only slightly affected by previous activity 
the spreading out occurred more rapidly in the later than in the earlier series. 
For example, in fig. 9, the tenth twitch of series (1) lasted about 1-6 times as 
long as the first; in series (2) 2-0 times; in series (3) 2 *2 times; in series (4) 
2-3 tiines; in series (5) 2*7 times. 



fto. 9.—Twitches of gastroonraiins of Himgarian Jt, ssc, TirM jtve rowa at 99-2^ Cl in 
lUQoesrinn, with seveial minutes interral, on the same muscle. (1) 10 twitches at 
0'9Moiidinterval8pl^/H-» 18-6, then t-seoosidtetairas not s^^ (8) 80 twiteh^ 
St 0-6 4 second intsmls (only IS shown), Tl/H « lS-7 ; (8) 90 twitobes at 0*64- 
seoond Intervals (only 13 shown),Tl/H = 14-2; (4) 20 twitches at 0-6-*eoondintervala 
(only 10 shown), Tf/H «= 14'6; (6) 20 twitches at 0-6-seoond intervals (only 15 
shown). 

Botkm row at 5*3^ C., Ist series, 10 twitches, 2j-Beoond intervals; ^ ssfies, 10 
twitches, 3-80oond intervals ; Tf/H ^ 11-0 and 12-4. 

NoU the spreading out, ravened by the intervals between the Bories, 

A striking example is given in the lowest line of fig. 9. Here at 5*3° 0. the 
tenth twitch of the first senes at 2^-seoond intervals was 2^ times as long aa 
the first; the first twitch of the second series was almost identical in spoed 
with that of the first—^recovery was nearly comjdetc ; the tenth twitch of the 
aeoond series was again 2^ times as long aa the first. 

Experiments are being made on muscles poisoned with iodo-aoetio add^ 
in which lactic acid formation and the anaerobic restoration of phoaphagtn. 
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are imposaible (LundBgaardj 1930, p. 66 ). These may show whether the 
effects described are due to acid-base changes, or to phosphagen resynthesis. 
The phenomenon can be detected, but is not nearly so obvious, in the gastroc- 
nemii of R, temp. In fig. 10 the first five rows show the effect as generally 
found—a noticeable spreading out with short intervals, a barely detectable 
one with longer intervals. The last five rows show a case in which the spreading 
out is rather more obvious, but still small compared with that by the Hungarian 
frogs. 



Fio. 10.—Twitches of gastrocnomius of English if. temp. Rows 1-5 in succession down¬ 
wards at 6‘1° C., 3-seGond, 2-Becond, l-second, 2-8econd and 3-Booond intervals. 
Rows 6 to 10 in anooession downwards at 6*4° C., S-seoond, 2-s8condp l-seoond, 
2-Beoond and 3-sooond intervals. Note the much quicker contraction, with loss spread¬ 
ing out, than in fig. 0 (bottom row). 

Apart from any spreading out it is evident that the gastrocnemii of Hungarian 
R. esc. are considerably slower than those of English R. temp. This, together 
with the much greater spreading out during activity, makes it certain that the 
former would maintain a prolonged contraction more economically than the 
latter. This is probably the reason why the gastrocnemius curve of Hungarian 
R. «S 0 . in fig. 8 rises so much more slowly than the sartorius curve of Enj^h 
R, temp. It is obviously not wise to compare the " isometric time coefficient ” 
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(Mejerhof) for heat, for lactic add, for phoaphagen or for anything ebe, of ooo 
frog with another, unlees we know (a) that they have the same “ time-scale 
of contraction, and (6) that the " time-scale ” alters to the same degree in both 
as the result of activity. 

In fig. 6 the points for sartorii of the Hungarian frogs, although scattered, 
are not far from Feng's mean curve for the sartorii of R. temp. They ate 
definitely above the mean curve for gastrocnenui. Are gBstrocnemii slower 
than sartorii at the same temperature ? A few attempts to find a difference, 
by measuring up records made on a fast moving drum, led to no dedsive result. 
There is certainly no considerable difference in speed between the twitches of 
gastrocnemius and sartorius from the same animal. The sartorii, however, 
when used for heat measurements, were in oxygen, fully recovered; in that case, 
as we have seen already, there will bo less spreading out during the early 
stages of activity. The gastrocnemii had been without oxygen for some little 
time. It is possible, therefore, that the difference between gastrocnemii 
and sartorii seen in fig. 8 is due to the greater slowing of the former during the 
onset of activity, owing to their somewhat less " recovered *’ condition. 

Diacusaion. 

In a recent paper (1931) Lundsgaard has calculated from thermochemioal 
data applied to the lactic acid formed and the phosphagen broken down, the 
value of Tl/H in the twitches of a frog’s gastrocnemius. For lactic add he 
a heat production of 280 cal, per gram. For phosphagen he used two 
different values (I) 100 cal. and (11) 160 cal. per gram of phosphoric acid set 
free. For muscles subjected to only moderate stimulation (his Table 1) the 
average calculated value of Tl/H (after removing the correcting factor O'69 
by which he multiplied 1) was, according to (I) 10*1 (variation from 8*8 to 
12*9), according to (II) 8'3 (variation from 7*5 to 10*3). Both methods of 
calculation, therefore, give results lower than the mean value for T(/H found 
here, viz. 13*4. 

Dr. Lundsgaard informs me that in his experiments the connection between 
muscle and lever was inextonsible, but that he cannot be sure that he worked 
exactly at the length giving maximum Ti/H. This, however, could not have 
reduced T2/H from 18*4 to 8*3, audit is doubtful if it could have reduced it to 
10 '1. Possibly the difference is to be attributed in part to the frogs! the 
variations in the present experiments (10*7 to 17*6) can scarcely be due simply 
to experimental error, and there is some overlap between Lundsgaard’s values 
(8*8 to 12*9 by (I)) and mine. 
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A more detailed calculation does not appreciably alter Lundjsgaard’s results. 
In his Table I (very moderate exercise) the following are average values ;— 

... 55000 g. cm. per gram. 

Lactic acid formed. 0 - 246 mg. per gram. 

Phosphagen broken down. 0*602 mg. H,P 04 per gram. 

According to Meyerhof and Lohmumi (1928) the hydrolysis of creatine- 
phosphoric acid in neutral solution gives 110 to 120 cal. per gram of H^POi; 
take 115 cal. as the mean. According to Meyeriiof (1922,1930, pp. 207, 221 ), 
in cut-up muscles immersed in phosphate solution, or in its enzymatic forma¬ 
tion from glycogen and its subsequent neutralisation by phosphate, the libera¬ 
tion of 1 gram of lactic acid is accompanied by the production of 200 cal. 
To these, however, must be added a small amount of heat due to the acid-base 
change, which may be calculated as follows. 

At pii 7*0, according to Lipmann and Meyerhof (1930, p. 89) the breakdown 
of 1 mol. of phosphagen causes a change in the buffer capacity sullioiont to 
neutralise one-third of a mol. of acid without change of The fonnation, 
therefore, of 0*602 mg. 0*00614 milli-mol. of H 3 PO 4 from phosphagen, 
should allow the neutralisation of 0*00205 milli-mol. = 0*185 mg. of lactic 
acid, so that only 0*061 mg. remains to be neutralised at the expense of alkali- 
protein. This is one-quarter of the whole. If the neutralisation of acid by 
muscle without phosphagen breakdown liberates 9400 cal. per mol. (Stella, 
1929) the heat per gram of lactic acid neutralised should be 105 oal.; one- 
quarter of this is 26 cal., so that the heat p>r gram of lactic acid in the experi¬ 
ments of Table I should be 226 eal. 

The value of Tl/H can then be calculated as follows : H = 0*226 X 0*246 
+ 0*115 X 0-602 = 0*125 cal. = 5350 g. era. T//H = 56000/5350 = 10-3. 

Lundsgaard allowed for the buffer change by taking a larger value for the 
heat of formation of lactic acid and a smaller one for the heat of breakdown of 
phosphagen. His mean result, however (10*1) is much the same. 

Lundsgaard gives another series of the same kind (Table VIII) which may 
be treated in tlie same way ;— 

£Ti . 106000 g. cm. per gram. 

Lactic acid formed. 0*67 mg. per gram. 

Phosphagen broken down. 0*91 mg. H 3 PO 4 per gram. 

The formation of 0*91 mg. of H 3 PO 4 atp^ ^'0 should allow the neutralisation of 
0-28 mg. of lactic acid, which is one-half of the whole, so that the heat per gram 
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of lactic acid should be 200 -f- lOB/2 = 2fi3 cal. Thua H = 0*67 X 0*263 
+ 0-91 X 0-116 = 0*249 cal. = 10600 g. cm. Hence Tl/H = 9*9. 

Thus TlfH. in twitches, when calculated from Lundsgaard’s results, is rather 
less than Tl/H directly observed. It would clearly be of great interest to 
repeat Lundsgaard’s experiments on muscles in which the heat production is 
measured as well as the chemical changes. 

Another series of experiments by Lundsgaard on 2 -second tetani (1931, 
Tables lY and Y) again permit the calculation of TlfH. from thermochemical 
data. His experiments were at room temperature, 18° to 20 ° C. Feng’s 
reducing factor for 19° C. being 8 ■ 6 , we may compare Lundsgaard’s results with 
those for a “ reduced ” time of 17-2 seconds in fig. 8 above; there, for the 
gastrocnemius, H/TZ = 0-73, TZ/H therefore 1 -37. From the data in Lunds- 
gaard’s Table lY (single 2 -secon(l tetani) the following mean values may be 
calculated:— 

TZ . 6230 g. cm. per gram. 

Lactic acid formed. 0*176 mg. per gram. 

Phosphagen broken down. 0-347 mg. H}P 04 per gram. 

The formation of 0-347 mg. of HgP 04 from phosphagen at pu 7 - 0 should allow 
the neutralisatioa of 0-106 mg. of lactic acid which is 0-6 of the whole, so 
that the heat of formation and neutralisation of the lactic acid should be 
200 + 0-4 X 106 =: 242 cal. per gram. From this we may calculate 
TZ/H = 6230/42660(0-176 x 0*242 + 0-347 X 0-116) = 1-49. 

This is not far from the 1-37 deduced from the data of fig. 8 . 

Lundsgaard’s Table Y gives similar results for the case of three 2-second 
tetani in succession. The mean values, per 2-seoond tetanus, nwy be calcu¬ 
lated as follows:— 

TZ . 6400 g. cm. per gram. 

Lactic acid formed. 0-214 mg. per gram. 

Phosphagen broken down. 0*277 mg. H 4 PO 4 per gram. 

The formation of 0-277 mg. of HgPOf from phosphagen at pn 7-0 should 
allow the neutralisation of 0-086 rag. of lactic acid, which is 0-4 of the whole, 
so that the heat of formation and neutralisation of lactic acid should be 
200 + 0-6 X 106 = 263 cal. per gram. From this we may calculate 

TI/H = 640O/426BO(O‘214 X 0-263 + 0-277 X 0-116) = 1 -44. 

This is slightly less than the mean for a single 2 -Becond tetanus, as was to 
be expected since successive tetani become, as shown above, and by Feng 
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(19S1), progreBsively more economical. The difference, however, is scarcely 
significant. 

The observed T2/H in twitches is greater than that calcnlatod ; the observed 
TI/H in 2-Becond tetani is leas. The discrepancy may imply that Lundsgaard’s 
muBoles were slower, and therefore more economical in maintaining a tension, 
than mine. They were larger (mean 1*7 g. instead of about I'O g.), and the 
muscles of larger animals arc usually slower than those of smaller ones. The 
greater economy in maintaining may have rather more than balanced the 
smaller efficiency in developing a tension. The heat atid the chemical measure¬ 
ments should, however, be made on the same muscles before any final con¬ 
clusion can be reached. 


Summary. 

(1) An arrangement is described by which the “ initial ” heat set free in the 
contraction of a frog’s gastrocnemius can be measured in absolute units. A 
single fine thermocouple of constantan-iron is employed, the “ hot ” junction 
lying inside the muscle. It may be applied to single twitches, to groups of 
twitches, or to tetani up to 25 seconds in duration. 

(2) The mean value of TI/H, the isometric heat coefficient in a twitch, is 
13*4. This is twice the mean value found in sartorii. The difference is due to 
the fact that in gastrocnemii the fibres, or paraUel fibre bundles, run, on the 
average, only half the length of tlie muscle. 

(3) This explanation of the difference is confirmed by tlie fact that in 
twitches Tl/A is twice as great in gastrocnemii as in sartorii, I being the length 
for maximum tension, T the tension at that length, and A the area of the tension- 
length curve up to that length. The quantity A/H is the same for gastrocnemii 
as for sartorii, having the mean value 1*37. 

(4) TI/H increases somewhat in the early stages of activity (anaerobic). 

(5) The values of H/TI in isometric tetani have been measured and plotted 
against the reduced ” duration of stimulus (Feng). The mean curve is 
similar to Feng’s but lower. This implies that the gastrooneinii of the Hun¬ 
garian R. esc. used in the present research are slower and more economical in 
maintaining a tension than the sartorii of the English R. temp, employed by Feng. 

(6) It is well known that au incomplete tetanus, due to a stimulus of low 
frequency, rapidly becomes more complete as the stimulus is continued, until 
finally the contraction is quite smooth. In the frogs used (Hungarian R. esc.) 
the same phenomenon is obvious in a series of discrete twitches, the response 
rapidly spreading out in time. In 15 to 30 seconds’ rest (at 20® 0.) recovery 
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ocoun (with oi without oxygen), so that the first twitch of a new series is nearly 
as rapid as before. The rate of onset of this spreading out ” considerably 
affects the value of H/Tl in a tetanus. Its increase after activity is responsible 
for the fact that H/TI in a tetanus of given duration is less the greater the amount 
of previous anaerobic activity. The spreading out ’’ effect is much less obvious 
in English £. temp, than in Hungarian R. esc. 

(7) The values of Tl/H in twitches and tetani of frog's gastrocnemit can be 
calculated from recent experiments by Lundsgaanl; if the production of 1 g, 
of lactic acid from glycogen be assumed to liberate 200 cal., and of 1 g. of phos¬ 
phoric acid from phosphogen 115 cal., and if allowance be made for acid- 
base changes, the calculated values of TlfK ore not far from those observed 
during the present work. 

(6) With special precautions to obtain a high value (working at optimal 
length, inextensible connections to lever, etc.) the mean value of T//H in 
twitches of sartorii is about 6-8. 

(9) A modification is described of the method recently suggested by Bozler 
of “ calibrating ” by condenser discharges. This is far simpler and more 
accurate than the old method employing an alternating current. 

(10) The specific heats of muscle and blood have been determined. For a 
given water content they are the same. The specific heat can be calculated 
by assuming a value of 1 ‘0 for the water and a value of 0-32 for the solid. 

(11) The density of a tissue depends upon the amount of solid it contains. 
This provides a simple and accurate method ol measuring, without the labour 
of drying and weighing, the percentage of solid in a muscle. 

My suu^re thanks ore due to Dr. McKeen CatteU of Cornell Medical College, 
who performed a number of the later experiments for me. They are also due 
to Mr. A. C. Dovniing and Mr. J. L. Parkinson for their skilled assistance. The 
expenses of this research have been borne by a grant from the Foulertou Fund 
of the Royal Society. 
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ImclifHUion and EecMivation 0 / the Vifua of Herpes, 

By J. B. Pbsdbau, National Institute for Medical Beeearoh. 

(Communicated by S. R. Douglas, F.B.S.—Received October 16. 1931.) 

The e^)eriment8. an account of which is given here, were based on two seta 
of observations—a personal one and one recorded by Zinsser and Seastone 
(1930). The personal observation relates to the injurious action of air on the 
virus of herpes. The method in common use for the preservation of this 
virus consists in the cold storage of pieces of infective brain in glycerol—^pure 
or diluted. If special precautions arc taken to exclude air, material so pre¬ 
served will retain its infectivity for several years. In an ice chest with an 
average temperature of + 9^ C. it has been my experience that unless air is 
largely excluded {e.g,j by a layer of liquid paraffin) the brain will oease to be 
infective after a period of 3 to 4 months. Under a layer of liquid paraffin 
and at that temperature the material will still be infective after 2 years. Cold 
storage at lower temperatures yields better results under both aerobic and 
anaerobic conditions. The acidity which develops when pieces of fresh tissue 
arc preserved in glycerol has apparently little injurious effect on the virus. 
The second observation is that of Zinsser and Seastone, who found that a 
filtrate of herpes virus which possessed a low degree of infectivity and took 
as much as 11 days to kill a rabbit on cerebral inoculation, recovered its 
infectivity to such an extent after the addition of cysteine that the incubation 
period was reduced to 5 days. In a second and more striking experiment an 
active filtrate of herpes virus lost its infectivity for the rabbit by simple exposure 
to air for 8 days at room temperature, yet the inactive sample recovered its 
full infectivity by the addition of cysteine and anaerobic preservation for a 
further 17 days. Since these observations suggest that exposure to air tends 
to inactivate the virus of herpes and that the inactivated virus can be re¬ 
activated under conditions which favour an increase in the reduction potential, 
an attempt was made at inactivating broth filtrates of this virus by saturation 
with oxygen and subsequent reactivation by a process of reduction. 

M&hods, 

The strain used was the one (E.L.l.) isolated from a case of encephalitis 
lethargioa in 1924. 
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/tbrato,—Only broth filtrates obtained from diffuaates were used. The 
diffusatea were prepared as follows. The cerebral hemispheres of a rabbit 
which had been killed at the height of a typical attack of herpetic encephalitis, 
were roughly crushed in situ witli a pair of dissecting forceps and dropped into 
a tube containing 30 c.c. of Hartley’s broth over which a layer of liquid parnffin 
was floated. The tube was left at room temperature for a few days (6-10) 
and then was transferred to the cold room until required. Such diffuaates 
will be found active even 18 months later and are easily filtered. After 
centrifuging the diffusate was filtered through a Fasteur-Chamberland L2 
or L3 candle at a negative pressure of W cm. Hg. As the filtrate obtained 
from the first candleful of the diffusate was frequently found to be inactive, 
it was usually rejected. The rest of the filtrate, unless used immediately, was 
sealed with vaseline and kept in the cold. 

“ Oxidation ,*'—^A small quantity (about 2 c.c.) of the filtrate was “ oxidised 
in a test tube by passing a current of oxygen through it with a fine capillary 
pipette for at least 5 minutes and, as soon as the froth had sottlefl down, the 
tube was sealed with vaseline and restored to tlie ice chest until required for use. 

Reduction ,—The reduction of the “ oxidised sample—with one exception, 
when cysteine was used—was effected by atlding to each cubic centimetre two 
small drops of a colloidal preparation of palladium black and passing a current 
of hydrogen. The reduced sample was usually tested immediately after 
reduction and subsequently sealed with vaseline and kept in the cold. 

Animal Tests ,—^AU tests consisted of a cerebral inoculation of 0-2 c.c. into 
young Dutch rabbits, the passage virus being invariably fatal to rabbits 
by this route. 

Thirteen filtrates were treated as stated above and only four of them were 
found to be vulnerable to oxygen. 

The “ oxidised " sample of the first filtrate tested (No. 615) proved fatal on 
cerebral inoculation after an incubation period of 8 days in each of two experi¬ 
ments. The same oxidixed ” samples on subsequent reduction, one with 
cysteine and the other with palladium and hydrogen, killed in 4 days and 
6 days respectively. 

Although this result was encouraging, it was hoped that a more complete 
inactivation might be obtained in view of the striking observation recorded 
by Zinsser and Seastonc, and this was attained with the next filtrate tested 
(No. 714). In a first experiment, this filtrate in the “ oxidued " form took 
8 days to loll a rabbit, and 3^ months later the same sample after reduction 
with palladium and hydrogen killed in 5 days. In a second experiment the 
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“ oxidued ” Bample produced no eymptome of anj kind on oenebral inoculation, 
but one month later after reduction with palladium and hydrogen it killed a 
rabbit in i days. 



Age of 
filtrate. 

Fe- 

Oxidicod. 

Beduoed. 

In oold store 
with 0 ,. 

Reanlt. 

in Dold store 
with 0 |. 

Heralt. 

61A 

SLfi 

SIS 

Freeh 

Fceeh 

7 months 

71 

5 days 

3 houn 
4(lajB 

KiUed in 8 } days 
Killed in 8 days 
Killed in 4 days 

11 days 

3 houn 

KUbdlnld.,, 

KUMIaSdayi 

7U 

Fresh 


4S hours 

Killed In 4 days 

__ 

__ 

7U 

1 month 

1 — 

3 dajB 

Klilod in B days 

34 months 

KUbdinSd.;;. 

71i 

1 month 


Sdsyii 

Survived 

1 month 

Killfld In 4 days 

aoo 

1 Freeh 

7-3 

3 days I 

Survived 

13 daya 

Killed in 6 days 

800* 

1 month 

7-6 

26 days | 

Survived 

32 days 

KiUed in 0 days 

800 

1 I month 

7*6 

OdajB 1 

' Killed in S days 

1 — 


800 

1 month 

es 

4 dayn | 

Survived 

14 days 

KiUed in 0 | daya 


14 months 

7-4 

lOdayH 

Survived 

28 daya 

Killed In 7 days 


U months 

7*4 

4 daya i 

1 Survived 

10 days 

Killed in 8 days 


If months 

7'6 

4 days | 

Killed in 4 days 

— 

— 

044 

Fresh 

6*0 

4 days | 

1 

Survived 

14 days 

1 

KiUed in 8 days 


* Id d fiift experiment the oxidiMd sunple killed a nbUt, but the raduoed one did not. Thie oontndiotory 
reanlt wu duo to an Interchange in the numhen ol tho aoimale inoculated, and the miataice waa diacoTared before the 
nanlt of the experiment waa known. A fresh aerioe of inoculations gave the reault etated above. 


This stnloDg result, of completely inactivating a broth filtrate of herpes 
virus with oxygen and subsequently restoring its full infectivity to the in¬ 
activated sample by a process of reduction, was obtained on six other occasions 
with two more filtrates. With one filtrate (No. 890) this was done with five 
different samples over a period of 6 weeks. With yet another filtrate (No. 944) 
a similar result was obtained once, but the experiment could not be repeated 
as the stock filtrate rapidly lost its infectivity, which was already somewhat 
poor, since the incubation period for the reduced sample waa as much as 
8 days. All the animals which failed to develop any symptoms after inoculation 
of the “oxidieed” samples were subsequently tested for immunity. No 
evidence was obtained of any immunity having been conferred on these 
animals, as they all B.uooumbed to the passage virus in the usual incubation 
period of 4 to 6 days. In the accompanying table only the successful inaotdva- 
tions and reactivations arc given. A few experiments were undertaken with 
a view to overcoming the resistance to oxygen of the other filtrates tested. 
Nona of the procedures adopted proved successful and they will be isfemd 
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to very briefly. An examination of the joh of the vulnerable filtrates pointed 
to somewhere around neutrality as the optimum range, yet, when the reactions 
of the non-vulnerable filtrates were so adjusted by the addition of phosphate, 
no hotter results were obtained. On the other hand, a vulnerable filtrate, 
such as 890, was still oxidisable when the reaction was variedfrom6‘8 to 7*5. 

It was also noticed that the catalase content of the resistant filtrates seemed 
to be higher than that of the vulnerable ones, but the addition of hydrogen 
peroxide (Merck’s pcrhydrol), so as just to neutralize the catalase without 
impairing the infectivity of the filtrates, did not render the latter more 
vulnerable to oxygen. Hydrogen peroxide in excess of the amount required 
to neutralize the catalase apparently always killed the virus and, in conse¬ 
quence, subsequent reduction failed to reactivate it. 

These experiments, though few in number, arc recorded because of the 
interesting fact which they demonstrate, namely, that the virus of herpes, after 
being subjected to a process which can only be interpreted as one of oxida¬ 
tion, becomes inert and incapable of infecting or of immunizing a susceptible 
animal, and is yet alive, and can be restored to full activity by a process of 
reduction in the test tube. That a similar reactivation of the virus is not 
effected by the tissues of the living animal after an injection of the inactivated 
virus is surprising, in view of the high reduction potential of the interior of the 
living cell. The fact that only 4 out of 13 filtrates were found to be vulnerable 
to oxygen, although they were all prepared in the same way with the same 
strain of virus and with the same broth, would seem to indicate that the 
oxidation is effected by the intervention of a third substance, which is not 
always present in these filtrates. A similar conclusion is suggested by the 
observation that one filtrate (No. 615) which was originally partially inaotivable, 
ceased to be so on keeping. It was thought that an enzyme capable of using 
molecular oxygen might bo responsible for the oxidation of the virus, and a small 
series of experiments was put up with tyrosinase.* Three filtrates, which had 
resisted the action of oxygen per se^ were not rendered more vulnerable to 
oxygen by the addition of tyrosmase. 

The effect of oxidation and of reduction on viruses, apart from the observa¬ 
tions already quoted about herpes, has been studied principally on the filtrable 
tumours of birds. 

According to Pirie and Holmes (1931), who have recently reviewed the 
literature and published a fresh series of observations, the inactivation of a 


* 1 am indebted to Mr. H. W. Dudley for preparing the tyroeinaBe from meal worms. 
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Boub filtrate by inoabation at 37° C. is due to an oxidative change, since partial 
reactivation of the filtrate can be effected by suitable reducing agents. 

According to Zinsser and Seastone, certain experiments recorded by Berger 
(1922) and Perdiau (1925) may possibly be explained on lines similar to those 
considered in this paper. In these experiments fresh brain from fatal cases 
of encephalitis lethorgica proved non-infective to rabbits, but after preserva¬ 
tion in glycerol for a few weeks the virus of herpes was recovered from the 
same material. 

A sindlai observation has since been recorded by Da Fano and Perdrau 
(1927) and Nicolau (1930) in the chronic herpetic encephalitis of rabbits. 
There is here more than a bare possibility that the inactivation of the virus 
in the fresh material may be due to the action of a specific antibody. The 
relationship between these two sets of observations is now being investigated. 

Summary, 

Broth filtrates of the virus of herpes can be inactivated by oxygen and 
subsequently reactivated by a process of reduction. This phenomenon is not 
a constant one, since it was observed in only 4 out of 13 filtrates, but the experi¬ 
ment c^uld be repeated on filtrates which had once proved vulnerable to 
oxygen. 

REFERENCES. 

Berger. W. (1922). ‘ Wien. Klin. Woohsohr./ voL 85, p. 601. 

Da Fano, 0. and Perdrau, J. H. (1027). ‘ J. Path. Baot,’ vol. 80, p. C7. 

Nioolau, S. and Kopoiowska, L. (1030). * C. K. Soo. Biol.,' vol. 104, p. 065. 

Perdrau, J. R. (1025). ‘ Brit. J. Exp. Path.,’ vol. S, p. 123. 

Piric, and Holmes, B. E. (1931). * Brit. J. Exp. Path.,’ voL 18, p. 127. 

Zinsser, H. and Seastone, C. V. (1030). * J. Immunol.,' vol. 18, p. 1. 

549 • 675 :541 • 183.59 

The Sorption Process tn the Zeolite Chabazite. 

By Meredith Qwymmb Evans. 

(Communicated by A. Lapworth, F.B.S.—^Received July 1, 1931.) 

Abstract. 

(1) The changes in the reolite chabazite during sorption have been investi¬ 
gated by means of X-ray examination of single crystals and of powders. 

(2) The boats of sorption for very small additions of ammonia to the zeolite 
have been measured. 

(3) A theory has been advanced to explain the results. 4 

{ThefvU paper it priniei in * Frooeedings,’ A, vcl. 184, pp. 97-102.) ' 
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Measurements of Transmission of Radiation through a Non- 
Homogeneous Medium, viz., the Ilomy Layer of the Human Skin. 

By T. C. Anoub and H. .1 . Taylob. 

(Conununicated by Sir Leonard Uill, F.11.S.—Received June 13, 1931.) 

(From the National InHtltute for Medioal Rfsnearch, Iioiidon.) 

The experiments and methods to be described represent an attempt to answer 
with greater accuracy a question to which somewhat divergent answers have 
already been given. The entire work herein described was done with a single 
sample of clear, dry, desquamated, human skin (horny layer only), taken 
from the shoulder of a woman. This sample had Ix^cn detached from the body 
for some months, and no attempt had been made to keep it in a more humid 
condition than that which it would naturally attain in the air of the laboratory ; 
but wc are indebted to Sir Leonard Hill, at whose instance the work was 
started, for the opinion that the ra<liation which penetrates this dead horny 
layer is the deciding factor in the direct action of radiations on the living cells 
beneath. 

The writers found that two precautions are essential: first, to secure truly 
monochromatic radiations; secondly, to make allowance for the efft^cts due 
to the scattering of an optical beam when it is passed through such an uneven 
medium as a piece of skin. Tlic importance of this last precaution bos recently 
been pointed out by Lucas (1931) and Pearson and Jail (1931). 

Purity oj Radiali<m9, 

Inspection showed that serious errors may bo introduced into such work if 
too much reliance be placed upon the purity of monocluomatio light obtained 
from a single-prism instrument. When light from a powerful mercury vapour 
lamp was directed into the prism of a monochromator, the lamp being enclosed 
the whole experiment being carried out in a darkened room, the whole of 
the prism was seen to glow with the distinctive colour of the mercury arc, 
from whichever position the prism was viewed. There was no reason to doubt 
that some of these visible radiations would be directed into the final lens and 
slit of the numochromator and so superimposed upon the speotralised radiations 
which it was desired to measure. 
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A photographic method was used to measure intensities, and the bluish 
light wo observed would certainly be of sufficient intensity to affect a photo¬ 
graphic plate; the errors produced by a scattered bluish light of relatively 
small intensity mixing with the beam of ultra-violet light to be measured, are 
apparent when we consider that the homy layer of skin may have a trans¬ 
mission of only 1 per cent, in the ultra-violet, but as much as 60 per cent, in 
the blue. 

To purify our source of light we employed two Hilgcr quartz monochromators 
in succession, tlio last slit of the first instrument being arranged to act as the 
first slit m the second instmment; with such an arrangement no light could be 
soon or detected until both tlic monochromators were set to the same wave¬ 
lengths, when any given ultra-violet line from the mercury-vapour lamp, 
which WHS used as our source, was easily detected and brought to its brightest, 
by inspection of the fluorescence produced on a piece of uranium glass. The 
experiments were all made in a darkened room with the stray light from the 
lamp screened off as much as possible, and the monochromators covered. 

AUowa't\oe for Scatter. 

When a parallel beam of any radiation is passed through a homogeneous 
medium the fraction transmitted may be found by comparing the incident 
and transmitted intensities. This is not true for a mo<lium which is not 
optically homogeneous, for in addition to the reduction in intensity which the 
beam will suffer on account of absorption in the medium, there will also be a 
loss of intensity due to scattering in all directions of the once-parallel ra3rB, 
some of which will fail to reach the measuring instrument, although they may 
have passed through the absorbing medium. 

We employed two methods to overcome this difficulty. (1) The incident 
intensity was compared witli the transmitted intensity immediately the 
radiation had passed through the medium; the recording surface (a photo¬ 
graphic plate) being made so large, and so close to the scattering medium, that 
there could be little space in which loss by scatter could occur. (2) Completely 
scattered radiation was used as the source, so that no reduction of intensity 
doe to extra scatter, but only losses by back reflection and absorption could 
take place when the medium was introduced into the optical system. 

Fig. 1 illustrates the first method. The disc of skin, 20 nun. in diameter, 
is held in a space between two discs of quartz (QQ) 0*6 mm. thick and frosted 
on both sides. The last of these discs was distant 0-07 inch from the film 
of an Ilford Special Rapid plate (backed). 
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The presence and position of these quartz plates was found to be neoessaiy 
to eliminate traces of “ skin pattern ” from the fina.! image on the plate, it 
being impossible to measure a true average density on an uneven image. The 
advantage of this method is that comparatively short exposures are required, 
but the disadvantage is that any fluorescent light produced in the skin by the 



Fio. 1.—photographio plate ; Q, quartz diso; 8. sldn sample ; T, last slit of mono- 

ohromator. 


action of the ultra-violet radiations tends to produce an additional darkening 
of the plate. 

In the second method we endeavoured to scatter the incident light so com¬ 
pletely that no farther loss of light due to scatter could bo introduced by the 
homy layer of skin. 

With a more or leas parallel beam of light interrupted by the skin sample 
before it reaches the first slit of the monochromator, a decrease in intensity 
can be caused by the refraction of some of the light away from the slit, which 
decrease may be interpreted as a loss by true absorption. 

Out method was to scatter the light on its way from the lamp to the first 
slit so CKHDi^etely that light would arrive at the slit at an equal intensity from 


2 A 2 
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every direction. Any additional scatter produced by the akin sample when 
interposed would not be accompanied by a loss of light reaching the slit; the 
light merely being resoattered and redistributed so that the general direction 
of light reaching the slit was the same with or without the skin in position. 

Fig. 2 shows how brass rings were constructed to hold three quarts discs. 
The homy layer of skin was held against one side of the middle disc. Dr. 
F. C. Toy (to whom wo are indebted for much advice) informed us that visible 
light is only partially scattered by one piece of frosted nmterial; we found 



Fig. 2.—Quarts disc holder. Three times actual sise. 


that the disc of the sun on a clear day could be viewed through one of our 
doubly frosted discs, but not through two of them; we ooneluded that by 
using three of these duos, separated by spaces of 1*8 mm., we should have 
light sufficiently scattered for our purpose. 

The advantage of this method is that any fluorescent light from the akm is 
stopped in the monoohronuton, while the disadvantage of sneh an aitaage* 
ment is that with an intensity so reduced, very long eiqwsnres, amounting in 
smne casee to several hours, become neoeeeary. Thble I shows the results. 
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Table I. 


Wavv-length. 

Method 1 (agoloat pUte) 
peronUae tnuumiadon. 

1 

Method 2 (agtlnst tUt) 
percentage tnuamiaaloii. 

>8700 

61 >3 ‘ 


A6460 

04*6 

60-6 

>4360 

48-0 


A 4047 

446 


A 8660 

43-6 


A 3341 

42*4 

40*7 

A 3120 

22-2 

22*3 

A 3027 

6-64 

6*25 

A2e26 

0*92 

0-66 

A 2803 

1>56 


A 2664 

0-66 


A 2637 

1-4 

1-1 

A 2482 

1-7 

1-26 


One experiment was carried out on wave-length X 3130, the trosted quarts 
plates being left out, so that only the direct transmitted radiation was measured, 
no allowance being made for scattering. The transmission was less than 0*5 
per cent, against 22 pc^r cent, shown in the table. This shows the error which 
may come in if scattering is neglected. In another experiment an exposure 
of 2J hours to line X 2300 was given, with the homy layer of sldn against the 
plate and no use of u scattering medium; in this case there was no image at 
all on the plate. This line, when the skin sample was not interposed, was 
clearly visible by fluorescence on uranium glass. Nothing penetrated the skin 
sample, therefore, in the case of this line. 

Fig. 3 shows the curve of percentage transmissions of the homy layer of 
akin at different wave-lengths of visible and ultra-violet light. These results 
differ from those of Lucas (1931) who also used the horny layer of the epidermis 
removed by blistering, in that they show on the average much lower percentage 
transmissions, and also a much more sudden drop in transmission with 
decreasing wave-length, wliich in our case appears to begin at X 3300 and reach 
a first fninimiim at X 2900, whereas Lucas’s curve shows a more gradual drop 
from X 4000 to X 3000 and a very sudden drop from X 3000 to X 2900. 

The explanation of these results may be that Lucas used some liquids, 
notably glacial ocotic acid, on the skin sample. Tliis would reduce the effect 
of scattering and back reflection quite considerably. Pearson and Jair (1931) 
publish a curve which shows a steady fail from X 4600 to X 2900 with almost a 
ccnnplete cut-off at X 2800, and a rise to 6 per cent, at X 2300 ; our percentage 
values are in closer agreement with those of these workers than with those of 
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Lucas. In general character our curve agrees fairly well with both the recent 
publications referred to. 



Photogfapkic Ddails. 

The comparison between the intensity of the beam of radiation from the 
lamp through the diffusing media, and the same beam of radiation after having 
been passed through the diffusing media and the skin, was made by causing 
these beams to produce images of equal density on the same photographic 
plate. The intensity of the beam falling on the first diffusing surface and 
reaching the plate without passing through the skin sample, was reduced by the 
amount necessary to produce an image of equal darkness after the skin sample 
had been removed; that is to say, a photograph was taken through the skin 
sample and the quartz discs with a beam strong enough to produce a readily 
measurable photographic image, the skin sample was then removed and another 
photograph was taken on an adjacent part of the plate with the light intensity 
so reduced that an equal, or very nearly equal, degree of blackness was 
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obtained. The intensity required to produce the latter, compared with the 
incident intensity when the skin is in position, gives the fractional trans¬ 
mission of the skin. 

As Dobson (1926) has pointed out, to make accurate comparisons of intensities 
by photographic means, it is needful to find places on the same plate wliere 
densities are equal. In practice it was found to be nearly impossible to reduce 
our intensity to exactly the right amount and so produce exactly equal blacken¬ 
ing ; having made our initial expoaur^^ through the skin sample we then made 
three subsequent exposures of the same time, with no skin sample, judging 
these intensities so that the middle exposure would give approximately the 
required blackening. 

The maximum density of each patch was thou measured by a Dobson (1923) 
photometer and a curve was plotted connecting density with the logarithm 
of the relative intensity of the light which had produced it. If the density of 
the patch which had been photographed through the skin sample fell between 
the three densities of the subsequent “ no skin ” exposures, we were able to 
interpolate this density on tlic curve, and so deduce, from its logarithm, the 
intensity of incident light which would have produced a blackening exactly 
equal to that produced by the beam which had traversed the homy layer of 
the skin. 

Fig. 4 shows one of these curves for X 2537 horny layer of skin and three 
quartz discs in front of the monochromators. 



Km. 4. 
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VariaUon of Inoident Radiations. 

The source of radiations was a Kelvin, Bottomly and Baird meroury-vapour 
lamp, vertical type, taking 2-1 amperes with a P.D. across the tube of 132 
volts. We allowed the lamp to run for not less than 25 minutes before starting 
an experiment, and we then were able to vary the intensity of the light falling 
on the two instruments by employing two methods, (1) moving the lamp on 
its special carriage along a measured scale, (2) reducing the area of the aperture 
on the lamp. 

First Method—Inverse Square Law .—^By considering the relative dimensions 
of the aperture on the lamp and of the slit and the lens distances in and between 
tho first monochromator, we could, on moving the lamp farther away, assume 
that the intensity of light received on the first diffusing medium, so long as the 
lamp was at least 40 cm. from the slit, would vary inversely as the square of 
the distances. We had a scale up to 590 cm. marked out over which the lamp 
could be moved, giving us a possible reduction of 217 to 1, or of 0 -46 per cent, 
(nearly). 

Seoond Meihod—Reducing Effective Size of Mercury Arc .—The arc tube of 
the lamp used waa a vertical quartz container of 1} inches in length. Inspection 
of the arc through a suitable screen showed that the principal source of visible 
light was a luminous column or band some 5 mm. wide, with a brightness 
varying from the middle to either edge. This appearance made us think that 
the emission of light per unit length of the arc must be very nearly uniform, 
and induced us to try the arrangement shown in fig. 5. 



Fn. 6.—Adjustable opUoal slit. E, edges o! horizontal alit; L, laminoos Hg sre—exposed 

length; B, adjusting ring. 
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An optical slit, somewhat longer than the diameter of the arc tube and 
variable in width from 0 to 0 ■ 36 inch, was fixed in front of, and half-way up, 
the vertical part of the lamp. It was found that over the limited area dis- 
closiblc by this variable slit the total intensity was very nearly proportioned 
to the length of the tulxs exposed. 

An experiment was made to check against each other the accuracy of these 
two methods. The experiment started with the lamp in its nearest position 
to the monochromator and tlie slit nearly closed, a photographic impression 
was then taken ; tlie lamp was then moved away in successive steps, but to 
compensate for the corresponding decreases in intensity the slit in front of the 
lamp W'os o^mhumI wider each time by an appropriate amount. Equal exposure 
at each step should then give patches of equal density. Table II shows how 
nearly these two methods agreed, patches of nearly equal density being obtained 
with greatly differing distances between lamp to monocliroraators and with 
widely different slit openings in front of the lamp. 

Table If. 

A. Frosted quartz against phoU)graphui plate. 


I 


Dutanoe Isnip h1i(. j 

Aporture | 

(rc-lrttive \iiUth). | 

1 

UeBultant photographic 
density. 

1 

nil. 

1 j 


40 

1 

2*640 

ri«-o 

2 1 

2-68H 

so 

^ i 

2-683 

VA) 

; » ! 

2-707 

100 

1 10 , 

2*707 

200 

25 

2-718 

244) 

36 ! 

1 

2*700 

... 

B. - 

Frosted quartz in front of slit. 

' 1 

Uintanoo Uinp-Hli(. 

Aperturo 
(relativp width). 

i 

Resultant phoUigraphio 
doiiHity. 

1 

om. 1 



.50-0 1 

1 1 

i oi>8r>6 

80 

2 

1 1-0480 

113-2 

1 4 

' 1-0500 

loe-s 


1 l-0.‘>30 

126-4 

IH 

1 1*0400 

283 

25 

1*0510 

3.34-8 

35 

I 1-0310 
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Summary, 

(1) A method is described for measuring tbe percentage transmission of 
radiations through a non-homogeneous material, viz., the homy layer of the 
skin, 

(2) A series of experiments on this material is described, in which visible 
and ultra-violet radiations between X 5790 and X 2300 were used, pure mono¬ 
chromatic radiations being assured by the use of double monochromators. 

(3) Two methods for varying the intensity of the radiations from a mercury 
vapour lamp by known amounts are described, and a photographic method of 
measuring the relative intensities of radiations. 

This work was carried out at the National Institute for Medical Rc^search 
with the co-operation of the TiOndon Light and Electrical Clinic. 

We have pleasure to acknowledge our indebtedness to Sir Leonard HilL 
Dr, R. B. Bourdillon, Mr. R. J. C. Jenkins, Dr. Edgar Schuster, and Mr* 
Smiles, as well as to Dr. F. C. Toy, for much help and advice, 
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The Rdaiion betioeen the Pulmonary and Branchial Vascular 

Systems. 

By J. L. Berry and I. de Burqu Daly. 

(Communioated by C. Lovatt Evans. F.R.8.—Received September 12, 1931.) 

(Prom the PhyBiologiuul Department. University of Birmingham.) 

I. Ifdroduction, 

Berry, Brailsford and Daly (1931) showed that perfusion of the bronchial 
vascular system may be carried out (a) by way of the posterior bronchial 
arteries, or (6) in conjunction with the thoracic parietea and CDsophagus, or 
with the oesophagus alone, by way of the aorta. They designated their prepara¬ 
tions, lung-thorax-oesophagua, lung-cesophagus, or isolated lung according to 
the extent of the systemic vascular bed perfused. They also demonstrated 
that no extensive arterial or venous communications exist between the 
bronchial and pulmonary vascular systems, the capillaries and possibly the 
smallest arterioles and venules serving as the only lueans of direct com¬ 
munication. In the same paper are given in detail the operative procedures 
carried out prior to the perfusion experiments, together with radiographs and 
photomicrographs depicting the extent of the bronchial vascular bed perfused. 
Briefly, the method consists in simultaneous perfusion with pumps of the 
pulmonary artery and aorta or bronchial arteries, with collection of the blood 
from the left auricle and azygos vein. It is proposed here to describe the 
distinctive feRtures of the apparatus and the results of the perfusion 
experiments. 

II. Method. 

The arrangement used (figs. 1, 2) enables one to measure simultaneously the 
tidal air, the respiratory pressure ventilating the lungs, the pulmonary arterial 
and aortic (or bronchial) blood pressures, and the pulmonary arterial, aortic, 
pulmonary venous and azygos vein blood flows. 

The apparatus for perfusion and negative pressure ventilation of the lungs 
is somewhat different from that used previously for the isolated perfused 
lungs and heart-lung preparation (Daly, 1927, 1928,1930). A cast aluminium 
chamber, A (figs. 1 and 2), fitted with a glass lid to render it air-tight and bored 
with holes to take the various tubes, takes the place of the glass jar used in the 
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Fios. 1 and 2.—Apparatus for simultaneous perfusion of the pulmonary and bronchial 
vascular systems in lungs under n^ative prosauro ventilation. A respiratory 
ebambor; Ap ^ aortio pressure manometer; B — Dale and Schuster pump; C = 
Cenco exhauster; D — bottle for rendering inspired gas warm and moist; £, E' = 
manometer and recorder for respiratory pressure; G, G' — graduated cylinders; 
l*.A,p. — pulmonary arterial pressure manometer; P.V. = poppet valve; R, R' = 
venous reservoirs; Sp ~ spirometer; S, 8" = dromuhrs; T = trachea \ ap « aortie 
pump; av — azygos vein outlet; la = left auricular outlet; pp pulmonaiy 
pump; 1 =: thoracic aorta; 2 — left auricle; 3 ~ clamp at aurioolo-ventricular 
groove; 4 —- superior azygos vein; li = pulmonary artery. 

pievioua experimentB. The deaoriptionB given of similar chambers by Chilling- 
worth and Hopkinfi (1Q19, 1920), LUjestiand, van Wijngaarden and Hagnos 
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(1922), Wilson and Hammoada (1928), Drinker and Shaw (1929), and Drinker and 
McKhann (1929) have been of great help to us in designing the one we use; 
it measurefi, internally, 40*7 cm. in length, 30*6 cm. in breadth and 23-0 cm. 
in depth. Two carbon lamps beneath and one inside servo to maintain the 
temperature inside the chamber between 34^ and 38° C., and water in the 
bottom of the chamber keeps the air surrounding the preparation moist. 
The plate-glass top, in contact with a flat rim 2 * 6 cm. in breadth and sealed 
with vaseline when in position, is easily removable during an experiment if any 
adjustments have to be made. Great care is taken to keep the temperatures of 
the perfusing blood and chamber at approximately the same value. 

The double blood-perfusion pump (B) (Dale and Schuster, 1928) in a water- 
bath is set up with venous reservoirs (K, W) and with Pavlov and Stolnioov 
tiromtJtfs (S, S') on the output sides. For measurement of the venous flow, 
graduated cylinders (G, G') are placed above the venous reservoirs, their outlets 
being fitted ?rith rubber tubing ; by pinching the tubing and timing the blood 
from the left auricular (la) and azygos venous (av) outlets into the cylinders the 
rate of flow is obtained. In the earlier experiments the fiow was taken by 
transferring the rubber tubes attached to the bronchial venous and left auricular 
outlets from the large reservoirs to a graduated cylinder held in the hand, but 
this procedure produced large errors in the venous fiow readings owing to 
oonoomitant changes in venous pressure. This will be referred to in a later 
section. The pulmonary arterial pressure (F.A.p.) is registered with a volume 
recorder in communication with a graduated burette connected to the arterial 
side of the pulmonary pump, the aortic pressure (Ap) being taken with a 
mercury manometer. 

Rhythmic pressure variations below atmospheric pressure are produced 
within the chamber by means of a Cenco exhauster (C), which continuously 
removes air from the chamber, with consequent expansion of the lungs, and 
by a variable cam poppet-valve (PV) (Daly and Thorpe, 1930) which periodically 
admits air, so allowing the lungs to collapse. The respiratory depth and the 
relative durations of the inspiratory and expiratory phases can be altered at 
will without changing the respiratory frequency. 

The trachea (T) is connected to a spirometer (Sp), the air passing over water 
contained in a large bottle (D) heated to approximately 40° C. The respiratory 
pfesBure (intrathoracic pressure) is taken with a water manometer-volume 
recorder system (£, S'). 

The dosed air system oompiiiriag the intrapulmonazy space, the bottie and the ipiro- 
meter are filled at the beginning of the experiment with 05 per oent. 0, + 5 per cent. COg, 
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wbioh in thufl delivered warm and moist to the longs. Evans (1912) gives the oxygen 
oonsuraption of the lungs as 0-D o.o. per gram of heart per hour and the carbon dioxide 
formation, 0*8 c.o. He found the lungs to be usually from 100 to 200 per cent, of the 
weight of the heart, bo by calculation the oxygen consumption per gram of long Uvoe per 
hour would be 0 • 5 o.o. and the carbon dioxide formation 0 * 44 o.c. The longs of a 10 *0 kg. 
dog weigh approximately 100 g. in our exporienoe, although wide variations from this 
figure are found in some animals ; the oxygen consumption of the lungs, therefore, would 
be QO o.c. and carbon dioxide formation 44 o.o. per hour. The approximate total working 
volume of the closed air space is 2270 o.o. (half the volume of the spirometer =» 420 o.c.; 
bottle -f- connecting tubes = 1700 o.o.; mean intrapulmonary volume = 160 o.o.; 
total 2270 0.0. ), and a oaloulation will show that if the gas therein contains 96 per cent. 

'f- 6 per cent. 00, at the beginning of an experiment, it wUl be 93 per cent. O, + 7 per 
cent. CO,, 91 per cent. O, + 9 per cent. CO,, and 80 per cent. O, + 11 per cent. CO, at 
the end of the first, second and third hour of the perfusion respeotively provided no losses 
take place through the rubber tubing, the visceral pleura and blood in the venous reservoirs. 
Professor Lovatt Evans informed on he would expect the carbon dioxide losses to be con- 
Bideral)le, and on analysis of the gas in the closed system this proved to be so. The cylinder 
gas contained 06 per cent. O, -|- 6 per cent. CO,, and in one experiment successive samples 
of the closed system gas gave 2 * 7, 3 *3, 3 *0, 3 * 1, 2 -4 and 2 * 6 per cent, nl CO,. The initial 
low carbon dioxide percentage is due to some of the air not being washed out by the gas 
mixture when the system is filled. We are indebted to Dr. R. Q. MacGregor, who took 
samples at approximately equal intervals of time during an experiment lasting 3 hours. 
Between the second and third, third and fourth, and the fifth and sixth samples, 135 o.o., 
166 o.c., and 226 o.o. respeotively of 6 per cent. CO, + 96 per cent. O, wore ailmitted 
(total » 615 c.o.) and 160 c.c. of gas mixture were removed for sampling. Since the final 
volume of the closed air system was equal to the initial volume, 305 o.o. (615-150 o.o.) 
was lost in 3 houra. Prom this figure 18 c.o., being the excess O, consumption over the 
CO, formed, should be subtracted, making a total loss of 347 o.o. or 110 o.o. of gas mixture 
per hour. We have not investigated the losses further, but the figures show that the lungs 
are being respired by approximately 3 per cent. CO„ which, according to Lohr and Wijn- 
gaardon (1924), is on the low side to produce the maximum dilatation of the bronchioles 
and lung blood vessels. 

The blood flows are taken as tho average of two or three readings. In those 
experiments in which the azygos venous flow only amounts to a few centimetres 
per minute, tho graduated vessels, G, G', are replaced by graduated 10-c.c. 
cylinders. With still smaller flows tho drops are counted. Some mention 
should be made of the significance of the tidal air and respiratory pressure 
tracings. The Cenco exhauster and poppet valve are set at the beginning of 
an experiment so that the chamber pressure oscillates over a range of 10 to 
16 cm. of H|0 below atmospheric pressure, care being taken that the expiratory 
pressure never rises above atmospheric pressure. The respiratory frequency 
is adjusted in the region of 20 per minute. A resistance to expansion of the 
lungs, such as is produced by broncho-constriction, is shown by a diminution 
in tidal air and by an increase in negativity of the inspiratory pressure curve, 
which results in an augmentation of the respiratory pressure curve as a whole; 
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very Bmall changes in resistance do not show on the respiratory pressure curve 
•owing to the recorder not being sufSciently sensitive. By this arrangement 
we have a control on the changes in the tidal air and can say at once whether 
they are duo to an alteration in the lungs or to a variation in the working of the 
Conco exhauster. It is evident that the tulal air diminishes if the eifioiency of 
the Cenco cxliauster falls, but in this case the respiratory pressure curve also 
diminishes in amplitude. In order to accommodate the rather large number of 
recorders, we have used a Brodie-Starling kymograph, fitted with an extension 
for doubling the recording surface (Daly, 1930, a). Moans are provided for 
running wires to stimulating electrodes in the chamber, so that nerves can be 
stimulated without removing the top of the chamber. 

in. Experimental Observations. 

1. The Efftril upon the Pulmonary Arterial Pressure of raising the Aortic 
or Bronchial Arterial Pressure. —Ghoreyeb and Karsner (1913) made a study 
•of the interchange of bloods between the pulmonary and bronchial circulations 
by simultaneously injecting the two systems with a gelatin'^lye mass at various 
pressures. They concluded that as long as a definite pressure is maintained 
in either the pulmonary or bronchial circulations, the admixture of bloods is 
extremely limited. We felt that further liglit might be thrown upon the 
problem by observing the changes in blood pressure and flow in one system in 
response to an artificially produced pressure change in the other, if indeed any 
response at all took place. 

We have observed the effect upon tlie pulmonary arterial pressure of raising 
the aortic pressure by increasing the output of the aortic pump, in lung- 
thorax-cesophagus (L.T.O.) and long-oBSophagus (L.O.) preparations, and of 
raising the bronchial arterial pressure in the completely isolated lung (L) 
preparation. The pulmonary arterial pressure response to the systemic 
arterial pressure rise is somewhat complex; not only are variations found from 
•one animal to another, but the response may change during the course of the 
experiment. When the aortic pressure is raised for a short time, one of the 
iollowing changes in the pulmonary arterial preasure may take place:— 

A- A simple rise, with return to normal on dropping the aortic pressure 
(fig. 3, b). 

B. A simple fall, with return to normal on dropping the aortic pressure 

(fig. a, a, 4, 6). 

C. A slight rise, with a further transient rise on dropping the aortic pressure 

(fig. 6). 



324 


J. L. Beny and 1. de B. Daly. 

In any given experiment the pulmonary arterial preaaure response gradually 
diminishes, as shown in fig. 6, where the artificially produced aortic pressure 
rise at the end of the experiment, although larger than that at the beginning, 
produces a smaller rise in the pulmonary arterial pressuro ; moreover, as the 



Fra, 3.^Dog. 13-6 kg. LuDg-oesophagos preparation. Simultaneous perfusiem of 
pulmonary and bronchial oiroulatioiu. Dffeot of raising the aortio preHOie. (a) 
Snbseqncot to 2-0 mg. of eserine injected into the pnlmonary artery. (6) Subsequent 
to SQooemive injeotions of adrenaline 0-2 mg., ergotamine tartrate (“Fsmergin *’> 
2-A mg. sad adrenaline 0-2 rag. Taken 62 minntes after (a). 
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experiment progresses the pulmonary pressure rise toids to become transient. 
The fall in pulmonary arterial pressure with constant blood flow as the experi¬ 
ment progresses is usual in lung perfusions with defibrinated blood (Jarisch 
and van Wijngaarden, 1926). 

The response may also change from one type to another during the experi¬ 
ment (fig. 3) or as in one experiment only, be absent early on and appear later. 
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fio. 4.—Dog. 13-6 fcg. Lung-QDsopfaaguB {veparatioiL fiimnltaneofiia perfusion of aorta 
and pulmonary arteiy. (a) A faU in soatio pmsure oauees a rise in pulmonary arterial 
prasnre, (b) A rise in aortio pranure oaoses a fall in puhnonary arterial fffeasure. 
The azygos vein cannula was occluded at the signal causing a slight rise in both 
pressuTBs. Azygos vein flow 11 o.o. per minute. 


In fact, we have been unable as yet to correlate the type of response with any 
definite condition of the preparation or with the experimental procedures 
adopted. Studies made on 19 dogs gave responses A, B and C in 18, 5 and 3 
experiments respectively; thus the more usual effect obtained is the simple 
rise in pulmonary arterial pressure. Response A occurs equally well before 
and after atropine or ergotamine tartrate (“ Femergin ”), and response B and 
C occur equally well before and after “ Femergin,” but they have not been 
tested ogiunst atropine. AH three types are met with in lung-thorax-cesophagus 
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and long-oesopliagafl preparations, but we have as yet only encountered 
responses A and 0 in the isolated lung preparations, not response B. 

In a few experiments we have found that, although raising the aortic pressure 
from rather a low to a normal value produces a rise in pulmonary arterial 
pressure, a further aortic rise causes the pulmonary pressure to fall slightly 



EA./)l 
cm. 
blood 



3 secs. 


Fio. 6.—Dog. 12*3 kg. Simultsneous perfusicm of R. and L. faronohlal arteries and the 
pulmonary artery. A rise in bronohial artecy pressure (timhiiBhes the tidal air with 
a slight augmeotatioa of pulmonary srterial preasure (P^p.) Hie fall in hromdiia! 
BJP. is aooompanied by a gradual increase in tidal air and by a tcansieat rise in PA.p. 
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Fio. 6.—Dug. 7 •S kg. Long-tlionx-cMopliagiia pnp&imtloa* Efleot upon the pnlmonmiy 
mrterial pnman of otoocmIttp rmm la oortio pranire. 

(an initial riae may be present), and if then the aortic preesnre is brought to its 
initial value the pulmonary pressure shows a transient rise» foDowed by a 
return to its original level (fig. 7). This phenomenon appears to be a mixture 
of responses A, B and C, and when present can be reprodooed. 

One other efifoct of a rise in aortic or bronchial arterial pressure which we 
obtained in 8 out of 19 experiments should be mentioned, that is, a broncho- 
ocmstriction. This response, if it appears at all, is generally seen early in the 
ejqperiment and on only one occasion did it appear late, having been absent 
pieviondy. We have os yet been unable to satisfy ourselves that this broncho- 
constriction is due solely to hypersmia of the bronchial tubes which is sufiScient 
to increase their rigidity, and investigations are being continued in this direction. 
In tliM connection, Rindfleisoh (1876) states that a rise of blood pressure in the 
^^stemio ciroulation causes static hypemnia of the bronchial mucous 
membrane, owing to the anastwu^ifi between the bronchial (systemic) and 
pulmonary blood vessels: 

Being unable to oorrelate the type of pulmonary arterial response to changes 
in aortic or bronchial arterial pressure with any of our experimental conditions. 


2 B 2 
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we pro( p<‘(lr(i to meusure the blood flow through the pulmonary and Bystemic 
circulations, in tin* liopi* of obtaining further information. 
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I'lc. 7 -Doi/. "■.'>kg. Lung-ihonix-rt?HophiiguH preparation. Effect upon the pulraonory 
artrriAl prewsiire of altcrntionH in the aortic prewure. 
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2. Measwremenls of the Bronchial Mood Flow .—In measuring the blood flow 
from the pulmonary veins by a cannula inserted into the left auricle, great care 
moat be taken to keep the pulmonary venous pressure constant while the flow 
is being taken. We found that transferring the loft aurioular outflow tube 
(la, fig. 1) from the reservoir to a graduated cylinder held in the hand fre¬ 
quently caused a change in venous pressure with concomitant variations in the 
pulmonary venous outflow. A rise in the level of the outflow tube of 3 cm. 
produced in one experiment a diminution in the venous flow of 25 per 
cent. We therefore fitted to graduated cylinders and measured the flow 
by pinching their outlet tubes, the time being taken for the blood to fill the 
cylinder. Laox (1930) drew attention to the fact that with an increasing 
perfusion pressure the pulmonary inflow is larger than the outflow, and it 
would appear that this arterial capacity effect which is responsible for the 
phenomenon finds its counterpart on the venous side of the system. It is 
clear that failure to eliminate the venous capacity effect during flow measure¬ 
ments will lead to serious errors. Control measurements taken in the manner 
described above revealed that the sum of the pulmonary and bronchial arterial 
flows did not differ from the sum of the pulmonary and azygos venous flows 
by more than 10 per cent, and in general the difference was much sraaller than 
this figure. The main cause of any discrepancy was usually found to be due 
to small leaks from the systemic arterial vessels. In all throe preparations 
(L.T.O., L.O. and L.), raising the aortic or bronchial arterial pressure with the 
pulmonary arterial pressure kept constant, increased the pulmonary and 
azygos venous flows (table), indicating that the bronchial arterial blood drains 
into the pulmonary veins. Experiment 4 of the table is of particular interest 
since the posterior bronchial artery of one lung was directly perfused with the 
pulmonary arterial pressure at zero. An increase in the bronchial arterial 
pressure from 60 to 210 mm. Hg raised both the pulmonary and azygos venous 
flows to approximately five times their initial values. The bronchial arterial 
blood clearly drains into both sides of the heart, but the larger proportion, as 
judged from experiments 3 to 6 in the table, in which measurements have been 
taken starting with no pulmonary flow, finds its way into the left auricle. 
The absolute increase in pulmonary venous flow due to a raised aortic or 
bronchial arterial pressure does not seem to be affected greatly by the pre¬ 
vailing pulmonary arterial pressure, although the collection of more complete 
data than we have presented here may reveal some influence. 

From experiments 6 and 6 (table p. 330), it would appear that there is also some 
transfer, although small, of blood from the pulmonary to the bronchial systems 
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Table.—Bunnhaneoiu Perfoskm of the Pnlmoiuiy end Bronchial VasooUt Byatems. Efiect of 


flhftnging the Arterial Pteasare in one system npon the Blood Flow in the other system. 


ExpBii- 

meot 

Dog 

kg- 

T.A., 

C.O. 

P.A.p. 

man. 

om. 

Uood. 

Cubic centlmetTM 
per minute. 

Aoitio 

pnonre, 

mm. 

Hg. 

Cubic oentimetres 
per minute. 

R.P. 

om. 

HgO. 

P.A, 

flow. 

L.A. 

flow. 

Aortic 

flow. 

Atom 

V. flow. 

1 

90 

90 

18-0 

283 

218 

104 

14 

240 

0,-11 



00 


228 

240 

190 

188 

ISO-O 

0 ,-n 



87 


223 

812 

110 

14 

24*0 

0, -11 

2 

12 0 

IIB 

160 

108 

119 

188 

22 

8*0 

0,-18 



114 

17*0 

108 

127 

280 

04 

20*0 

0,-18 



100 

16*6 

103 

114 

144 

22 

9*0 

0,-18 

2a 


■fIS 

160 

896 

400 

148 

28 

9*0 




mM 

17*6 

896 

484 

244 

00 

170 




Kl 

16*6 

896 

411 

184 

24 

8*0 

DBS 

3 

180 

III 

0 

0 

38 

140 


50 

0, -14 



19 

0 


41 

280 


8*0 

0,-14 




0 

0 

84 

144 

-- 

60 

0,-14 

4 

9-2 

88 

0 

0 

3*0 

00 


1*0 

0, -14 



88 

0 

0 

16*0 
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— 

7-0 

0, -14 



88 

0 

■■ 


00 

— 

10 

0,-14 

5 

00 

... 

0 



160 


1*0 

0, -16 




88 



160 

— 

0-0 

0,-M 



— 

0 


mm 

160 

— 

1*0 

0, -16 

0 

18-0 

160 

0 

0 

11 

130 


7 

0, -15 



166 

82 


182 

180 

- - 

8 

0, -10 


1 

i 

ISS 

0 

0 

10 

130 

— 

7 

0,-16 


Experiment 1 — Lang»>tbons><eiophegui pnpuerion. Experimente t, 2a, 3, 6 end 6 b LanpKnophegn) 
pmMnrioa Experiment 4 ■ Long pnpMsUon with diieet penneion of the hnnobiel erteiy. 

T.A. =* TUeJ eir. 

F.A.p. mu o Pulmonei; erteriel menometer preeeun. 

LA. sM Left enriele. 

R.P. =• Beeplntoiy pieeinn, explntoiy ud Inepintoiy. 

— a No meeennment mode. 


ainoe raising the pnlmonary arterial presanre, with a constant aortic preaanre 
slightly increases the aiygos flow. 

Additional evidence that the level of the pulmonary arterial pteasare 
inflnencea the bronchial vaaonlar system is afiotded by the foot that a large 
increase in pohnonary arterial pressure will cause a rise of a few milliinettes 
Eg in the aortic pressure. 

We have also found that an increase in the asygos or in the puhnonaiy 
venous {sessute produces a slight rise in both arterial pressures (fi^ 4, h, 8). 
There is no doubt, therefore, that there is a functional anastomosb between the 
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bnmohial and pulmonary vaaoular beda, obanges of arteriid preasuie in the 
one sy g lem altering the arterial preaauie in the other, and c h a ng es in venous 
pressure in the one system causing alterations in the arterial pressure of 
both. 



30 secs, 


8.—^Dog. kg. Isolated long preparation. At the first arrow the pulmonary 
yenoQs pmsore was raised 12 om. blood; at the secmd arrow, returned to nomiaL 


IV. Discwsim. 

Ahbough Ghoreyeb and Karsner (1913), from the results of their injection 
expexiinents of the pulmonary and bronchial oirculationa, believed that the 
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admixture of bloods was extremely limited as long as a definite pressure is 
maintained in^ either circulation, they did think it conceivable that a greater 
mixture might occur normally. Our perfusion experiments show that with 
the pulmonary and aortic pressures within normal limits, at least twice as 
much blood, and sometixnes more, passes from the bronchial to the pulmonary 
circulation as from the bronchial circulation to the azygos veins. How far 
the bronchial blood invades the pulmonary alveolar capillaries our experiments 
do not indicate, but the available evidence suggests that under normal con¬ 
ditions the invasion is an extremely small one, the transfer chiefly taking place 
in the capillary region of the brtmeihidw rtspiratarius and possibly the dwslvXuft 
aheohria (Miller, 1911, 1925, 1926, a). 

The presence of a vascular shunt pathway from the aorta to the left auricle 
raises some hsemodynamical problems which are not without interest, especiall}' 
as the shunt circuit communicates with the capillary bed of the pulmonary 
circulation. Anrep and Bulatao (1925), using the opcn-circuLt heart-lung 
preparation, showed that the total output of the right and left heart increases 
with every rise in aortic reeiatance, the increase in output being entirely due to 
the augmentation of coronary flow, which in turn causes a rise in the pulmonary 
arterial pressure. They obtained no evidence of “ back pressure ” effects 
under the conditions of their experiments. Daly (1926), working on the 
closed-circuit heart-lung preparation, found that with constant ventricular 
output, an increase in the peripheral resistance produces no alteration, or 
only a slight rise in the pulmonary arterial pressure, thus confinning in the 
main the work of Anrep and Bulatao. He thought that if any slight 
rise in pulmonary pressure occurred it must be due to “ back pressure 
effects. 

Our present observations throw further light upon the problem, for we find 
in the majority of our experiments that an increase in aortic pressure raises 
the pulmonary arterial pressure and the pulmonar}’’ venous flow in the isolated 
lungs. Since we keep the pulmonary arterial supply and the pulmonary 
venous pressure constant, the rise in pulmonar^^ arterial pressure is almost 
certainly due to the extra amount of blood which we have found passing from 
the bronchial vascular system into the pulmonary system. The occurrence 
of the response after full doses of atropine and ergotazninc strongly suggests 
the phenomenon is at any rate in part a mechanical one. This mechanism 
might be responsible for the slight rise in pulmonary arterial pressure in the 
closed-circuit heart-lung preparations which sometimes takes place on raiamg 
the peripheral resistance even when the ventricular output is constant, and, if 
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this is BO, there is now still lees reason than befoiie for considering that'' back 
pressure ” effects play any part in the phenomenon. 

It should be noted that the mechanism will not come into play if the 
heart-lung preparation is made with the aortic ligature tied immediately 
distal to the left subclavian artery, for, in this event, the lungs will not 
receive any blood from the posterior bronchial arteries which give the 
major supply to the bronchial vascular system (Berry, Brailsford and Daly, 
1931). Daly, when making the closed-circuit heart-lung preparations, tied 
the aortic ligature low down on the descending portion of the arch and, there¬ 
fore, in some experiments, one or more posterior bronchial arteries would 
receive blood. Owing to the vuriability of origin of the posterior bronchial 
arteries,it is not possible to becertainof the bronchial blood supply to the lungs 
in heart-lung preparations unless they are examined in every experiment. 

One other explanation of the pulmonary arterial pressure rise in response 
to an aortic pressure increase has attracted our attention, namely, the com¬ 
pression of alveolar capillaries lying adjacent to air tubes by the hypereemic 
and more turgid bronchi and bronchioles. We mention it as a possibility, but 
at the moment have no information to help us. 

The fall in pulmonary arterial pressure (response B) caused by an aortic 
pressure increase may be due to an intrapulmonary nerve reflex, but, being less 
common than response A, we have not had the opportunity of a full investiga¬ 
tion. 

The alternative hypothesis, which we have considered, that the increased 
bronchial blood activity lowers the pulmonary arterial pressure by piezo and 

Venturi ” effects, is extremely attractive, but further work is needed before 
a decision can be reached. This hypothesis necessitates the assumption that 
the broncho-pulmonary anastomotic channels are arranged so as to give rise 
to piezo-metric and Venturi tube circulations. Swindle (1930) has recently 
drawn attention to the signifieance of such mechanical influences in regulating 
the exchange of body fluids. 

Without imduly urging the probability of this type of action being responsible 
for the effect we have termed response B, wc presumt one tracing (fig. 9) 
obtained from a perfused system of rubber and glass tubes connected together 
to represent the pulmonary and bronchial circulations. The arrangement is 
seen in fig. 10, the anastomotic channels of the two circulations being repre¬ 
sented as the side tube, from the narrowest portion of a Venturi tube (V). 
By adjustment of the pump outputs and outflow pressures, a rise or a fall of 
perfusion pressure of one pump in response to an increase in flow from the 
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other can be obtained at \nll. The adjustments are somewhat critical, bat 
the resemUanoe of their pressure carves to those obtained from the perfused 
longs is Boggestive. Fig. 9, a, was obtained with a low resistance to outflow 
at P.y., and fig. 9, 6, with a high resistance to outflow at this point. An 


30sees. 



Aa. 9.—^Artifioiol oiroolation (shown in fig. 10) perfused by two pumps, (a) Effect of 
nMiig the output of pomp B. Hu damp on the output tube (P.V., fig. 10) waa 
fully open. Between ** a " and " b ” the damp on the oufffow tube P.V. was partly 
screwed up and the damp at *‘p” partlyleleased. (6) Effect of raising theon^t 
of pump B. 

increase in number of the Venturi or pieso tubes would bring about a corre¬ 
sponding augmentation in the responses observed, so that the small size of the 
bnmoho-pulmonary anastomosis does not militate against our hypothesis. 

At this stage of the inquiry it would be idle to press the analogy further, 
and for the moment we are content to leave to future experiments to decide 
as to the truth or falsity of the hypothesis. We would draw attention to the 
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fact that on snoh a liypotlieaiB the response of the pulmonary arterial pressure 
to changes in the bronchial arterial pressure might be determined by the 
pulmonary venous resistance in the preparation. 



Fio. 10.—Artiflolal dxcnlatloo. reprewnting a hypotiwtioal urangement of the bronobial 
and pulmonary dionlatloii anastomoelB. B ^ pump supplying the bronohial oirou* 
lation. C » pomp for that portion of the pulmonaiy oirciilation which supplies the 
air tubes. P.V. « pulmonaiy veioa. V = anaatomotio branch between pnhnonary 
and bronohial ciroulatioDa. hr. v. ^ bronohial veins. 6 ^ bronohial arterixde 
reststanoe. p » pulmonary arteriole mistance. x mercury manometer, 
p = water manometer. 

Sumniary. 

<1) A method for simultaneous perfusion of the bronchial and pulmonary 
vascular systems of the isolated lungs under negative pressure ventilation is 
described. 

(2) Alterations in the bronohial arterial pressure lead to changes in the 
pulmonary arterial pressure, the pulmonary venous and the axygos venous 
flows. 

(8) There is a functional anastomosis between the bronohial and pulmonary 
vascular systems, 

(4) Hnmodynanucal relations between the two aystenu are discussed. 
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The Cwariform Action of Quaternary Ammonium Sails. 

By H. R. Ing and Winifred M. Weight. 

(fVbm the Department of Pharmacology, Univenity CoUege, London.) 

(Commnnioaied by C. Lovatt Evana, F.R.S.—Received September 7, 1931.) 

The original observation of Crum Brown and Fraser (1869) that metho- 
salts derived from certain alkaloids did not show the physiological activities 
typical of their parent bases, but possessed, in common with the simplest 
quaternary ammonium salt, viz., tetramethylammonium chloride, the property 
of a curori-like action upon striated muscle, provided one of the earliest examples 
of uniformity of physiological action among the members of one chemical 
class. The true curarifonn nature of the action of quaternary ammonium salts 
was later confirmed by Kabateau (1873), Bnmton and Gash (1884) and other 
workers. At relatively high concentrations quaternary ammonium salts 
depress the excitability of muscle to direct stimulation, as was shown by Boehm 
(1910) and Hober and Waldenberg (1909) for tetramethylammonium and also 
diminish the conductivity of the nerve (Jodlbaur, 1900), but paralysis to 
indirect stimulation is produced by these salts at concentrations well below 
that required to affect either the nerve or the muscle. 

Since the original observation of Crum Brown and Fraser, a great variety of 
quaternary ammonium salts has been shown to possess the curarifonn action, 
but few attempts have been made to compare the behaviour of these salts 
quantitatively under comparable conditions. Kulz (1922) attempted to 
estimate the minimuni concentrations of alkyltrimethyl- and alkyltriethyl- 
ammonium salts required completely to paralyse the isolated frog’s sciatic* 
gastrocnemius, but he neglected the time factor involved and consequently 
his results are without quantitative significance. In the alkyltrimethyl aeries 
the propyltrimethyl compound was the least active and the higher members of 
the series up to octyltrimethyl had about the same activity as the tetramethyl 
compound. The lower members of the alkyltriethyl series were less active 
than their alkyltrimethyl analogues, but the highej: members of both series 
had approximately the same activity. 

It was early noticed that tetraethyiammonium salts had a much weaker 
cuiaiifoim action than tetramethylammonium salts and that, unlike the 
latter, they produced an initial increase in excitability accompanied by fibrillary 
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twitohing (Brunton and Cash, 1884; Boehm, 1910). Marshall (1914) eramined 
the effect of replacing methyl by ethyl groupe in tetramethylanunoninm 
chloride, using isolated sartorii and gastioonemii and found a decrease in 
activity associated with each successive replacement. Feiser (1920) investi¬ 
gated the action of tetramethyl-, tetraethyl- and tetrapropyl-anuuonium salts 
on the isolated frog’s sciatic-gastrocnemius, and confirmed the weaker activity 
of the tetraethyl compound. He attempted to compare the activities of these 
three salts at various conoentrations by measuring the times required for 
complete paralysis, but he was unable to obtain reproducible results. The 
tetrapropyl compound was found to be intermediate in activity between the 
other two. 

Most other attempts to estimate the relative activities of quaternary salts 
do not call for mention here, as they were based upon experiments with the 
intact frog, and can have no certain bearing upon oiqieriments with isolated 
muscle. This paper reports the first part of a systematic attempt to compare 
quantitatively the action of quaternary ammonium salts on the isolated frog's 
sartoriuB, and to discover whether any recognisable relation exists between the 
structure and physicochemical properties of these compounds and their 
physiological action. 

Teehtaque. 

Quaternary ammonium iodides only were used. They were prepared by 
unambiguous and well-known methods and were carefully purified. An 
isolated nerve-sartorius preparation from a winter frog (Hungarian) was 
immersed in Ringer’s solution containing a phosphate buffer at 7The 
nerve was stimulated by a condenser discharge through silver-silver chloride 
electrodes and the contractions recorded isometrically. When the response 
of the muscle to indirect stimulation became constant, the buffered Ringer’s 
solution was replaced by a similar solution containing a known concentration 
of the compound to be tested and the nerve was stimulated at regular intervals 
of time. The same nerve-muscle preparation could be used for several experi¬ 
ments, the poisoned preparation recovering completely its original response 
on repeated washing with Ringer’s solution. 

By plotting the contraction recorded on the drum (expressed as a fraction of 
the initial contraction) against time, curves such as those illustrated in fig. 1, A 
were obtamed. At relatively high concentrations the curves appear S-shaped, 
but at lower concentrations a definite latent period is revealed. At high 
dilutimis the curves flatten out and reach an equilibrium position, after which 
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tho mosole begins to recover (vide infra, fig. 4). Moreover, at high dilations 
the curves are not reproducible, probably owing to the long time involved 
during which the excitability of the muscle changes. Gonseqaently it was found 
impracticable to measure the minimum concentrations of salts required to 
effect completo paralysis. Reproducible results, however, were usually 
obtained with concentrations of salt between 2 and 0 * 1 millimols/litre for which 
the times of poisoning were mostly less than an hour. Fig. 1, B illustrates 



Fm, 1, 4.—^Nerve-sutorius preparation. Curves 1, II, III and IV sbow the relation 
between time and the response of the muscle to indirect stimulatkm (expressed at a 
fiaotlon of its initial response) when poisoned with tetramethylammoniom iodide at 
oonoentrations of 2, 1, 0*9 and 0*4 mlUimols/litre xespeotively. B.—Nerre-sartorius 
pceparatioos poisoned with tetramethylammonium iodide (1 milUnu^/Utre). Tempera¬ 
ture 14** to O » muscle 40 mm. long; tension of initial response 42 gm.; 
discharge, 220 volts, 0*005 microfarads and 2 volts, 0*2 miorofarads altemativeiy. 
• » same muscle alter washing with Ringer and repoisoning; teniion of initial 
xesponse 50 gm., same discharge, x muscle 85 mm. long; tension of initial 
rmp ons e 90 gm.; discharge 2 volts, 0*2 microfaFads. □ •m muscle 52 mm. long; 
tMnmjnn of l^tUl lespoDse 48 gm.; discharge 220 volts, 0-005 miorofarads. The 
▼eit&oal interrupted linn indioateB the extent of the response to direct stlmalation 
(indnotlon slwok) after complete paralysis. 




340 


H. R. Ing and W. M. Wright. 


ezpeiimentB vith tetnunethylammoniuni iodide on three nerve-esrtoriua pre¬ 
parations in which both high and low tension disoharges were employed and 
in which one preparation, after complete recovery by washing with Ringer’s 
solution, was poisoned a second time. It will be seen that the poisoning curve 
for a given concentration of this drug is remarkably uniform and reproducible 
even for muscles differing considerably in size and in tension developed on 
stimulation. Fig. 1, B also illustrates the completely reversible nature of the 
action of quaternary ammonium salts, a circnmstanoe which enables more 
than one drug to be tested on the same preparation. The response of the 
preparation to high and low tension discharges is shown to be identical at 
every stage of the poisoning. In routine experiments high tension discharges 
only were used. 

In comparing the activities of different quaternary ammonium salts with 
widely different molecular weights, it was important to discover whether the 
rate of diffusion of the drug into the isolated muscle affected appreciably 
the time of poisoning. This point was investigated by comparing directly the 
times of poisoning for perfused and isolated muscles. In a number of experi¬ 
ments a gastrocnemius or tartorius muscle was first poisoned by perfusion with 
buffered Ringer’s solution containing a given drug, the rate of poisoning being 
followed by coimeoting the distal end of the muscle to an isometric lever and 
recording the response to indirect stimulation at suitable intervals. Control 
experiments with trypan red showed that the perfusion fluid reached the muscle 
within a few seconds. When complete paralysis was achieved, the drug was 
washed out completely by perfusion with Ringer’s solution, the muscle dis¬ 
sected out and poisoned a second time by immersion in the drug. Results for 
two drugs are illustrated in fig. 2, from which it will be seen that the time of 
poisoning for a perfused sartorius was not appreciably different from that for 
the isolated muscle and consequently the time of diffusion of the drug into the 
muscle must be regarded as negligible in comparison with the time of poisoning. 
On the other hand, the time of poisoning for an isolated gastrocnemius was 
much greater than that for the perfused muscle and consequently the time of 
diffusion into the relatively thick gastrocnemius must be an important factor 
in the total time of poisoning. These results justify the use of the isolated 
nervo-sartorins preparation as a standard of comparison of the activities of 
quaternary salts and tend to invalidate the earlier work of Kuls and of Peiser 
who used the isolated gastrocnemius. 
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F lO. 2.—OomporiBon of rates of poisoning for perfused and isolated muscles. A.—2 m illimols / 
litre ootyitrimethyUmnioTiium iodide—Gastrocnemius; 0» perfused ; • isolated. 

Sartoriufi : x , perfused ; a, isolated. B.—1 millimol/litre heptyltrimethylammomum 
iodide*—Saitorius: 0» porfased; •, isolated. 0*6 millimol/lilrQ same drug— 

Sartorius : x, perfused; D , isolated. 


Results. 

The n-aUcyhnmethylaminoniuni Iodides .—All tho members of this series up 
to the octyl member gave curves closely resembling those illustrated for the 
tetramcthyl compound (fig. 1, A), and the times for complete paralysis for a 
number of equimolar concentrations are set out in Table 1. If these times are 
taken as a measure of the relative activities of the different members of the 
Berios it will bo seen that amyl-, hexyl-, heptyl- and octyl-trimcthylammoniom 
iodides arc approximately equal in activity to tetramcthylammonium iodide 
at concentrations between 2*0 and 0*26 millimols/litre ; tlie propyltrimethyl 
salt is less active and the ethyltrimetliyl compound the least active of the first 
eig^t members of the series. In each cose the response of the muscle to direct 
stimulation was unaltered by the action of these salts at or below concentrations 
of 1 millimol/litre. These results in a measure confirm the cruder estimates of 
Kulx (1922), except that he found the propyltrimethyl compound the least 

* The temperature during theiie oxperimentB wae slightly higher than that for experi- 
^ meats recorded in Table I, p. 342, and consequently the times of poiaoiung on shorter. 
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Table 1. 



1 Time in minates for complete paralyflis of iaolated nerve-aartoriin 


preparation with n-alkyltrimethylanunoninin lodidi 

» at con- 




oontrations of 



Quaternary 





_ __ 

Halt. 

20 

i.« 

0-6 

0-36 

0-125 


miiUmolH/ 

mlllimol/ 

mUlunol/ 

milUmol/ 

mlUimul/ 


litre. 

litre. 

litre. 

litre. 

litre. 

Tetremathyi . 

1 3-7 ' 

1 

6-7 1 

8-7 ; 

; 1 

; 20 

[ 

Kthyitrimothyi 

Propyltriinothyl 

Bntyitrimethyl 

1 11 

5-5 

15 1 

10 

: 4A 

i “ 

1 65 

_ 

— 

3-6(7) 

0 ‘ 


12(36) 

Amj^trimeth^,i 

3-5 

5-6 

7 

10 

IS 

Hoxyitrimothyl 

4 

A 

7 

1 10 

46 

Heptyltriinethyl . i 

Octyltrimothyf... . 

3-7 

0-6 1 
A 

8 

10 

32 

Duodeuyltrlmethyl ' 

— 

30 ! 


— 

— 

Phenyitiimotbyl i 

— 

5*5 


— 

— 

Phenyl benzyl dimethyl i 

1 

6-7 


1 



The figures in bnickots are Umtis for perftraod muHoloA. 


active of tte series. Butyltrimethylammoiuuin iodide behaved anomalously. 
It appeared to be more active than the tetramethyl compound, but it decreased 
the response of the muscle to direct stimulation at concentrations at which 
this was unaltered by the latter and the original response of the muscle was not 
recovered after prolonged washing. In perfusion experiments, however, it 
appeared to be slightly less active than the tetramethyl compound, also the 
response to direct stimulation was normal and the muscle recovered com¬ 
pletely after perfusion with Ringer’s solution. The low activity of duodeoyl- 
trimethylommonium iodide is interesting in view of the semi-oolloidal properties 
of this compound. Phenyltrimcthyl' and phenylbcnsyldimcthylammoniom 
iodides have about the same activity as tetramethylammonium iodide at 
concentrations of 1 millimol/litre. 

The Transition Series, —The weak curariform activity of totraethylammonium 
salts observed by many previous workers made it interesting to study the effect 
of BUCCCBBive replacement of methyl or ethyl groups in tetramethylammonium 
salts. Tabic II gives the times of poisoning for this transition series. It 
will be seen that thei:G is a rapid decline in activity in passing from the tetra- 
methyl to the tetraethyl member. Dicthj ldimethylammonium iodide has 
a very much weaker action than ethyltrimethyl, while the triethylmethyl and 
tetraethyl members are about equal in activity and ore so weak that neither 
has any ouiarifoim action on the nerve-sartorias preparation at oonoentrationa 
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Table II. 


QuAtenury salt. 


Totrunethyl ... 
Ethyltrimothyl 
Biethyi dimethy] 
Triothyl molhyl 
Tetraethyl 


Time iii minntoK fur completo pamlysis of balAted nerve- 
aartoriue preparation witn quaternary ammonium iodidea 
at oiiUL'ontTatiuntt of 


10 

millimole/litre. 


a 

millimuLi/litre. 


1 

milli mol/litre. 


a-5 

34 

2r>ri 

300 


3-7 

11 

80 


6-7 

16 


below 0'5 milliiuol/litre. At the same time eoncontratious of triethylmethyl- 
and tetraethylainmonium aalts which induce complete paralysis usually reduce 
the response of the muscle to direct stimulation. These results confirm the 
earlier work of Marshall (1914), but the actual times of poisoning are con* 
sidcrably difierent and reveal a much wider divergence in activity among the 
members of this series than he obm^rved. 

The replacement of methyl by ethyl groups in tetramethylaxnmonium leads 
also to the appearance of new properties. Diethyldimefchyl-, tricthylmcjthyl- 
aud tetraethyl-ammonium salts at first increase the resf>onse of the mumJe to 
indirect stimulation, an effect which is slight for the diethyidimothyl compound 
but wcll-pronounced for tlie other two. This effect is quite different from the 
nicotinc-Iike contracture produced by tetramethylammonium salts (Boehm, 
1908; Dale and Gasser, 1926) and resombles that produced by guanidine 
(Peiser, 1920). Tliis action of tetraethylammonium salts closely resembles 
the effect of increasing the potassium content of Ringer’s solution, although it 
is weaker than the latter (fig. 3). In both cases a preliminary increase in the 
extent of the response to indirect stimulation occurs and is followed by a 
fairly rapid decrease and eventual absence of response. Rubidium behaves 
similarly to potassium, but cosiura has a weaker action and docs not show the 
preliminary increase in response. It is well known that an increase in the 
potassium content of Ringer’s solution leads to the onset of inexcitability of 
muscle (cf, Sereni, 1926), and Duli^re and Horton (1929) have suggested that 
this effect is duo to an iiurease in the concentration of potassium ions in the 
interspaces between the muscle fibres, which upsets the normal balance of 
potassium concentration between the interior of the fibres and the inter¬ 
spaces. The preliminary iucreasc of the response to indirect stimulation does 
not appear to have been noticed previously for potassium. 


2 c 2 
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In addition to the increaBe in response to indirect sthnidation, the triethyl- 
methyl and tetraethyl compounds also produce spontaneous twitching of the 
muscle. 

These results suggest that the action of tricthylmethyl and tetraethyl- 
ammonium salts is not truly curariform in character, but speculation as to its 
nature would be premature. The subject is being investigated further. 



Fio. 3.—Xerve-Bartorius preparations. Comparison of the ootions of potassium and 
tetroethylammonium salts at equimolar oonoentrations (10 millimols/litre) in Ringer’s 
solution containing a phosphate buffer (pu 7*2). 

It is noteworthy that magnesium at fairly high concentrations has a true 
curariform action (Gunthrie and Ryan, 1910). A solution of magnesium 
chloride in Ringer’s solution containing 10 millimols/litre reduced the response 
to indirect stimulatiou of a sartorius muscle to zero in 20 minutes. There 
was no preliminary excitation, the response to direct stimulation was un¬ 
altered and the conductivity of the nerve was not diminished under the experi¬ 
mental conditions used. 

Two amine oxides, viz., trimethylamine oxide and methylethylaniline oxide, 
were examined as their hydrochlorides and found to possess only a feeble 
curariform action. At a concentration of 1 millimol/litre the latter produced 
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complete paralyaiB in 200 minutes, wMIst tlio former reduced the response by 
86 per cent, in 150 minutes. 


Recovery of Musdea Poisoned with Quaternary Ammonium Saks. 

In an attempt to measure the minimum concentrations of quaternary salts 
required to paralyse a nerve-sartorius preparation it was noticed that at high 
dilutions the response to indirect stimulation eventually reached a unmiinTiTn 
value and then began to increase (fig. 4). The recovery of the muscle was not 
due to exhaustion of the bath as was shown by the fact that the contents could 
be used to poison a second muscle, whilst renewal of the solution in no way 
affected the recovery of the muscle (Curve II, fig. 4). This recovery of musoles 



Fiq, 4.—Curves I and 11 nhow relation between time and response for nerve-sartorins 
prepantiona poisoned with 1/75,000 tetramethylanimonium iodide (0*07 miUimol/ 
litre). Curve Til is for ammonium chloride (10 millimols/litre). 

poisoned with quaternary ammonium salts is remarkable and docs not appear 
to have been recorded previously. According to Overton (1897) and Harvey 
(1911), quaternary ammonium salts only penetrate living cells extremely 
slowly, if at all, whejeas ammonia and aminos do so readily. Curve III 
(fig. 4) illustrates the rapid recovery of a sartorius poisoned with ammonium 
chloride. This recovery is probably duo to the penetration of ammonia into 
the cdls of the structure upon which the salt acts. Similarly, the recovery of 
muscles poisoned with quaternary ammonium salts may be due to a much 
slower penetration of the quatomary ammonium ions into the cells. 
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Temferalure Coefficient, 

The temperature coefficient of the action of tetramethylammonium iodide 
was measured for the temperature ranges 13-5° to 3*6® and 23'6® to 13-6®. 
The results are shown in Table III. A nerve-sartorins preparation was 
poisoned at two difieront temperatures, the muscles being kept in Ringer’s 
solution for half-an-hour at the required temperature before adding the drug. 
In series A the muscle was poisoned first at the lower temperature, then washed 
till recovery wae complete, brought to the higher temperature and after half- 
an-hour poisoned again. In scries B the muscle was poisoned first at the 


Table III.—Temperature Coefficient for Teiramethylammoniunx Iodide. 


Conoontralion 

in 

millimolB/litre. 

Time in minutoB 
of poisoning at 

Qi.- 

! 

1 

Time in minutM 
of poiiKining at 

Pi.- 

3-6°. 

1 

13-6“. 

j 13 5°. 

2S-5“. 

fA. 

9 25 

60 

1-54 

6-25 

4-25 

1-47 

I'O J 







\b,. . . 

0 5 

6-25 

1-62 

70 

4-76 

1-47 

fA. 

ISG 

no 

1-00 

12-25 

7-6 

1-63 

OS J 







Lb 

165 

11-0 

1-50 

11-0 

7-36 

1-50 

fA 

22 0 

16-6 

1-42 

16-0 

10-0 

1-00 

0'33.1 







Lb 

24-0 

100 

1-50 

15-5 

100 

1-65 


Mean Qj, » I /H). M<^n Q,o » 1-54. 


higher temperature. As the rate of the poisoning process is inversely pro¬ 
portional to the time the temperature coefficient is measured by the ratio 
of the time at the lower to the time at the higher temperature. The values 
of Q^q obtained were 1-50 for the range 13-5® to 3-5® and 1-54 for the range 
23-6° to 13-5®. If the Arrhenius formula 

Oj = (Ti-TO/aTiTi 


is assumed, where v^, are velocities at temperatures Tt,T, degrees absolute 
respectively, (z will have the values 6426 and 7336. These values are rather 
too high for a purely physioal process and suggest that a ohemioal process is 
involved in the action of quaternary ammonium eatts. 
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Physioochemical Properties. 

Quaternary ammonium salts arc strong electrolytes characterised by the 
great stability of their cations, whii^h closely resemble those of the alkali metals. 
In this respect they differ from the salts of primary, secondary and tertiary 
amines, the cations of which readily lose a proton and consequently exist in 
solution in equilibrium with the free base. One result of this cationic stability 
is that quaternary ammonium salts penetrate living cells extremely slowly, 
if at all. The salts of aminos arc as insolubh^ in lipoids as quaternary salts, 
but their ability to penetrate living cells easily is almost certainly due to their 
hydrolysis to the lipoid-soluble free bases. The slow recovery of muscles 
poisont^d with quaternary salts {vide supra) suggests that these salts may in 
fact penetrate cells slowly. 

Stable cationic character appears to be associated with all compounds which 
possess curarifonn properties, but as the tctroethylaramonium ion shares 
this property with other quaternary ammonium ions it cannot be regarded as 
the only eiisontial factor. Walden (1899) gives the conductivities of tetra- 
methyl- and tetraethyl-ammonium iodides at 16 litres dilution as 51 *0 and 
43'1 respectively, and Ulich (1926) records the ionic mobilities at 26® as 46 
and 33 respectively. 

The size of quaternary ammonium ions is considerably greater than that of 
the alkali metals, and consequently the former will probably be less solvated. 
This view is supported by their relatively high ionic, mobilities compared with 
the alkali metals and also by recent work on the conductivity of their salts in 
non-aqueous solvents {cf. Hartley, 1931). In conformity with the view that 
quaternary ammonium ions arc but little hydrated in aqueous solution, it has 
now been found that even concentrated solutions fail (1) to salt out a 1 p<ir 
cent, solution of sodium oleate which is rtiadily salted out by ammonium and 
alkali metal salts; (2) to precipitate the proteins of ox-serum; and (3) to 
precipitate a 1 per cent, solution of hfiemoglobin. Moreover, the viscosity of 
ox-serum at 26® was scarcely affected by the addition of tetromethyl-, tetra¬ 
ethyl-, and octyltrimethyl-ammonium iodides in concentrations (100 millimols/ 
litre) well above those used in studying their curarifonn properties. But 
even if their small degree of hydration distinguishes quaternary ammonium 
ions from alkali metal cations, it cannot be used to account for the difference 
in physiological behaviour of the tetramethyl- and tetraethyl-ammonium 
ions which ore alike in this respect. 

It seemed possible that differences in the degree of association or in the 
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extent of complex ion formation of these two ions might be revealed by vapour 
pressure measurements. The vapour pressures of 0'04 molar solutions of 
tetramethyl- and tetraethyl-ammonium iodides (1) in water, (2) in phosphate 
bufiercd Ringer’s solution, and (3) in 0*1 molar glycine were determined by 
the difierential method of A. V. Hill (1930), but in each ease difEerenoes of less 
than 1 per cent, were obtained. 

Enlz (1922) considered that the curarifonn activities of the alkyltrimethyl 
series varied inversely as the solubility of their salts in water. He found with 
the perchlorates a maTirnum solubility for the propyltrimethyl member, 
whilst he obtained minimum physiological activity for the corresponding 
iodide. It is improbable that solubility in water can have any bearing upon 
the curarifonn properties of quaternary ammonium salts. Reason has already 
been given for regarding the physiological measurements of Eulz as un¬ 
reliable and with our technique the ctbyltrimethyl member was found to be the 
least active. Moreover, the approximately equal curarifoizn activity of 
tetramethylammonium, amyl-, hexyl-, heptyl-, octyl- and phenyl-trimethyl- 
ammonium iodides is not paralleled by their solubilities. 

The simple quaternary salts are not appreciably surface active. Even 
octyltrimethylammonium iodide does not lower the surface tension of water 
sensibly in normal solution and the salt is only slightly adsorbed on charcoal. 
The relative adsorbabilities of the cations of the alkyltrimethyl series were 
estimated by measuring the minimum concentrations required completely 
to precipitate a 0 -1 per cent, arsonious sulphide sol within 2 hours. The amount 
of ion adsorbed in each case at the minimum concentration was also estimated. 
The unadsorbed salt was recovered by filtration and evaporation to dryness 
and its amount measured by diluting its solution in water until the minimum 
concentration required to precipitate the standard arsenious sulphide sol was 
again reached. The extent of the dilution enabled the weight of unadsorbed 
salt to be determined and hence by difierence the weight of ion adsorbed. 
This method provided a ready means of estimating very small amounts of 
salt once the minimum oonoentration required to precipitate the standard sol 
had been determined. The results ore shown in Table IV. The relative 
amounts of difEerent cations adsorbed at the minimum concentrations are 
approximately constant and equal to 0*1 millimol/gram AsiSg. 

Since constant w^hts of cation ore adsorbed, the minimum concentrations 
must be in the inverse ratio of the adsorbabilities. Fig. 6 shows the way in 
which the minimum oonoentration changes with increase in the number of 
carbon atoms in the cation, and illustrates the regular increase in adsorbability 
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Table IV. 


Quatemary aalt. 


Cetyltiimeifayl . 

Doodooyltriiuithyl . 

Oofcjltnmfith^d • .. 

Hbi^trimeth^ . 

Am^trlmeth^ . 

Totraathyl . 

Batyltrimethj^. 

Piopyltrimethyl. 


Amount* of oatioa adsorlied expraMod in 
miUimolfl per gram anenious lolphide. 


1 

Maximum. 1 

i 

1 Minimum. 

Mean. 

1-43 

1-33 

1-36 

0104 

1-101 

0-102 

O'lOA 

0-073 

0-080 

0 110 

0-084 

0-092 

0*129 

0-021 

0-075 

0*121 

0-073 

0-008 

0182 

0-090 

0-140 

0-310 

0-041 

0-175 


with increase in the weight of the cation. Traubo’s rule that the ratio of the 
adsorbabilitics of consecutive members of a series is constant is held with fair 
accuracy for the first eight members of the alkyltrimethyl series. There is 
no abnormality in ihe case of ions containing ethyl groups, their adsorbabilities 
being closely similar to the isomeric ions of the alkyltrimethyl series. With 
the higher members, duodeoyl- and hexadecyl-trimethylammonium iodides, 



Fig. S.^Otmtinaons curves illustrate the variation in minimum oonoentrations of salts 
(CUE|,i 4 j)NMegI (white oirolee) and £tnMe 4 „, K. 1 (black circles) required to pre¬ 
cipitate a standard arsenious sulphide sol with the number of carbon atoms In the 
oatioiis. Interrupted curves illustrate the relative adsorbabilities of the cations of 
these two series of salts. 
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the adeoibabilities are abnormally low, but these salts show semi'OoUoidal 
properties and are probably associated. It is evident that the adsorbabilitieB 
of the cations of these salts bear no relation to their cuiarifonn properties. 

Discussion. 

The original suggestion of Boehm (1910) that the ourariform properties of 
quaternary ammonium salts is, with a few exceptions, independent of the nature 
of the radicles attached to nitrogen appears to be largely supported by our 
results. Salts so diverse in structure as tetrametbyl-, ootyltrimethyl- and 
phenylbenzyldimethyl-ammonium iodides were found to have a quantitatively 
similar activity. An explanation of such uniformity of physiological activity 
must probably bo sought in the common physicochemical properties of these 
compounds, such as the stability and small hydration of their univalent cations. 
But among compounds which have several similar propejrties in common, those 
relevant to their physiological activity should best bo discovered by a study of 
the properties of exceptional members of the group. Consideration of the 
physicochemical properties of quaternary ammonium salts has so far failed to 
reveal what properties either determine the curariform activities of these 
compounds or account for the exceptional oases. 

The low activity of duodecyltrimethylammoniiim iodide is probably due to 
its semi-colloidal properties, e.g., owing to association of its ions the oonew- 
tration of free cations will be less than that in equimolar solutions of other 
salts. In the case of the amino oxide hydrochlorides the weak curaiifonn 
activity may conceivably bo due to hydrolysis of the salts with production of 
the Upoid-soluble amine oxides or to reduction to the corresponding tertiary 
bases which have only a feeble activity. 

Compounds containing ethyl groups provide the most strikiog exceptions to 
Boehm’s generalisation. In the case of the triethylmethyl and tetraethyl 
compounds the difierence is not only one of degree but also of kind, for the 
preliminary increase of the response to indirect stimulation and the fibrillary 
twitchinga do not occur with tetramethylammonium and salts similar to it in 
curariform activity. The resemblance between the action of tetraethyl* 
ammonium salts and the effect of increasing the potassium content of Ringer’s 
solution is also interesting and may repay further investigation. It is possible 
that the action of the triethylmethyl and tetraethyl compounds is due to a 
mechanism quite different from that of other quaternary salts or to the super* 
position of some different mechanism upon a very weak ourariform activity. 
It is well known that tetramethyl and tetraethylammonium sabs differ widely 
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in several other of their physiological actions. Thus Bum and Dale (1914) 
found that the latter exhibited neither the muscarine-like action nor the nicotine- 
like stimulation of the sympathetic ganglion cells shown by the former, although 
it exhibited the secondary paralytic phase of the nicotine-like action. Boehm 
(1908) and Marshall (1914) found thattctraethylammonium salts do not exhibit 
the nicotine-like contracture of amphibian muscle which is shown by the 
tetramethylammonium salts, and a similar result was obtained by Dale and 
Ghusser (1926) for mammalian muscle after deg^meration of the nerve. But 
even if the mechanism of the tetraethyl compound is different in kind, the 
question still remains why it exhibits no curariform action at dilutions at which 
the tetramethyl compound produces a rapid action. 

The mode of action of quaternary ammonium salts is quite unknown. 
Langley (1906) concluded from his experiments on the antagonism of curari 
by nicotine that curari acted upon some intermediate receptor—^the myoneural 
junction—between the nerve and muscle, and it is probable that the quaternary 
ammonium salts act similarly. As with curari, there is a preliminary rapid 
binding of the salt by the muscle followed by a slower reaction, for if the miiscle 
be immersed in Kinger’s solution containing the drug for half-a-minute and 
be then transferred to Ringer's solution, the paralysis of the muscle continues 
and is complete in the same time as that when the muscle is left in the solution 
of the drug during the whole time of poisoning. The preliminary binding is 
probably due to a rapid diffusion process of the quaternary ammonium ions 
into the muscle, although it is not clear why they should be so firmly held os 
not to diffuse out equally rapidly when the muscle is washed with Ringer’s 
solution. This preliminary binding probably corresponds to the latent period 
revealed with more dilute solutions of drug in the poisoning curves (fig. 1, A). 
The second slower process probably involves a chemical reaction since the 
temperature coefficient of 1 - 5 for tetramethylammonium iodide is higher than 
would be expected for a purely physical process. This view is supported by 
the work of Laidlaw (1912) who found a large difference in activity between the 
dextro and Isvo forms of both a- and ^K^adine methoohloridos in which the 
optical activity is associated with both carbon and nitrogen atoms. It is 
difficult to escape the conclusion that the ph 3 rsiological action of optical 
enantiomoiphs involves a chemical reaction when their activities are unequal. 

The nature of the chemical reaction postulated remains a matter for specula¬ 
tion. On general chemical grounds the possibilities of reaction for quaternary 
ammonium salts appear to be rather limited. Any decomposition of the drug 
is made improbable by the complete reversibility of the physiological action 
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and by the extent to which this action is independent of the nature of the 
radicles attached to nitrogen. Some pennutit-like exchange of ions in which 
the quaternary ammonium ions replace inorganic cations in the structure upon 
which the drug acts is a possibility. The value 1 - 6 for although too high 
for a purely physical process is rather lower than that for most chemical 
reactions, but there is reason to think that reactions of the permutit type 
have low temperature coefficients. Whitehom (1923) found Q^q equal to 
1-6 for the reaction between ammonium chloride and a sodium zeolite. An 
ionic exchange reaction of the type envisaged would be reversible and would 
probably depend upon the physical properties of quaternary ammonium ions. 
It would be difficult to obtain direct experimental evidence of such an ionic 
exchange, if it occurred, owing to tho very small changes in ionic concentrations 
involved, but it is proposed to explore further tho possibilities of such an 
hypothesis of the pharmacological action of quaternary ammonium ions. 


Summary. 

(1) The curariform action of fourteen quaternary ammonium iodides on 
the isolated nerve-sartorms preparation of winter frogs has been studied. 

(2) The time of diffusion of the drug into the isolated sartorius muscle has 
been shown to be negligible compared with the time required to produce 
complete paralysis, but with isolated gastiocnemii the time of diffusion is not 
negligible. 

(3) In the fi-alkyltrimethyl series, amyl-, hexyl-, heptyl-, and octyltri- 
methylammonium iodides are about equal in activity to tetramethylammonium 
iodide. Fropyltrimethyl is less active and ethyltrimethyl the least active of 
the first eight members of the series. Duodecyltrimethylammonium iodide is 
less active than the ethyltrimethyl compound. 

(4) Fhenyltrimethyl- and phenylbenzyldimethylammonium iodides ore 
about equal in activity to tetramethylammonium iodide. 

(6) The replacement of methyl by ethyl groups in the tetramethylaminonium 
ion leads to a rapid decline in activity. The triethylmethyl and tetraethyl 
compounds exhibit an initial increase in the response to indirect stimulation. 

(6) Two amine oxide salts were examined and found to have a feeble ourori- 
form activity. 

(7) Sartorii were found to recover slowly from the paralysis induced by very 
dilute solutions of tetramethylammonium iodide when still immersed in the 
solution of the drug. 
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(8) The temperature coefficient Q^q of the curariform action of tetramethyl- 
anunonium iodide was found to be 1-6 for the temperature ranges 23*6** to 
18-6® and 13-6® to 3-6®. 

(9) The relative adsorbabilities of the alkyltrimetliylammonium ions were 
found to increase regularly with the number of carbon atoms up to the octyl 
member and there was no abnormality in the case of the ions containing one 
or more ethyl groups. 

It is a pleasure to record our indebtedness to Dr. F. R. Winton for his helpful 
oritioism and continued interest in this work and to Professor G. Lovatt Evans 
for his criticism of the manuscript. Wo are also indebted to the Medical 
Research Council for a personal grant to one of us (W.M.W.) and to the Chemical 
Society for grants which liave partly defrayed the cost of materials. 
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Recently a theory waa put forward (Wiggleswortb, 1930) according to which 
the extent of air in the tracheal capillariea of inaeots is determined by the 
osmotic pressure of the tissue fluids in which these capillaries ore bathed. 
Thus, whereas in a state of rest the terminal region of the tracheoles contains 
fluid, when the tissues are active the conse<}uent increase in osmotic pressure 
leads to the removal of this fluid and the extension of air into the finest branches. 
According to this theory the removal of fluid would thus have a certain 
physiological significance in improving the supply of oxygen to the active 
tissues. 

These conclusions were based almost solely on experiments on the larva of 
the mosquito; and in a later paper (Wigglesworth, 1931, a), although it was 
recognised that osmotic pressiuc is probably in all cases the force which keeps 
the tracheaa more or less filled with air, it was suggested that “ in terrestrial 
insects, with a limited supply of water, the osmotic pressure of the tissue fluids 
may, at times, be far higher than in an aquatic insect like the mosquito larva ; 
and this high osmotic pressure might be expected to draw the fluid into such 
flno tracheoles that any further increase due to muscular contraction will 
have no significant efiect.” 

It is the object of the present paper to examine this point. 

Tracheal Endings in the Flea. 

The tracheal endings can be clearly seen during life in comparatively few 
terrestrial insoots, but the adult flea {CmUophyUus fasoiatus) is a partioularly 
favourable object for fbia purpose. 

If the flea is held beneath a coveislip and examined, by transmitted light, 
with the ono-aixth inch objeotive, it can be seen that the air in the tracheoles 
of the abdomen ends abruptly at a point where the tubes are still (xnnpaiatively 
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large. In the case of the mnsoIeB of the legs and head the aii almost invariably 
extends into the fin^ branches. This is doubtless due to the activity of these 
muBolee. 

If the insect is flooded with water it immediately becomes extremely active, 
and in a few seconds the air extends into the finest branches in all parts of the 
body. On removal of the water and admission of air, the fluid slowly rises 
again in the tubes until it has more or less r^ained the point from which it 
started. These effects are precisely similar to those already described in the 
mosquito larva. 

If now the flea is kept beneath the coverslip and the extent of air in a given 
tracheal branch noted each day (fig. 1), it is found that there is no marked 
change in the extent of the air on successive days. 





Fio. 1.—Tracheal ending in abdomen of flea, kept under oovenlip without feeding. 
A, May 1, 1931; B, May 3, 1931; C, May fi, 1931. heart no lonuer boating, flea 
apparently dead; D. May 0, 1931. flea shrunken and dried. (The traobeolos are 
Tislble as hlaok threads when they oontain uir. invisible when they contain fluid.) 


The fleas survived, under the conditions employed, for about 1 to 8 days. 
Very often the clear fluid in the rectum was evacuated the day before death 
and the flea then assumed a shrunken appearance; but it was not until some 
time iifisr death that the fluid was absorbed from the tracheoles and the finest 
btanohes became filled with air (fig. 1, D). 
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Thus it would appear that the oamotio preeaure ia not increaaed by exposing 
the insect to dry conditiona, ao long aa it romaina alive. 

Tracheal EniingB in the Meahporm, 

The larva of the mealworm (Tenebrio molitor) is a particularly intereating 
insect to study in this connection on account of its prolonged resiatance to 
starvation and drying. 

The tracheal endings can be readily seen in small living larvee (about half-an- 
inch in length) held beneath a oovoralip. The trachea) in the abdominal seg¬ 
ments fall roughly into two groups ; a suporhcial group supplying the muscles 
of the body wall^ and a deep group ramifying over the surface of the gut. 

In a larva freshly removed from the food, the superficial branches usually 
contain air aa far os they can be resolved, but in the deeper branches the 
endings contain fluid. When the larva ia held beneath theco voralip, however,and 
the muscles of the body wall ore obliged to rest, fluid gradually appears in the 
endings of the superficial branches also, though it usually does not rise so high 
in these as in the branches on the surhee of the gut. 

The position of the air varies slightly from day to day, but even in a larva 
which had had no food for 6 weeks (being kept throughout under ordinary 
room conditions) there was no extensive movement. On the other hand, as 
soon as the larva is asphyxiated by flooding with water, it contracts its muscles 
violently, and within a minute all the finest tracheal endings become filled with 
air. On removing the water, fluid slowly rises again in the tracheal endings. 
Some of these results are illustrated in fig. 2. 

The removal of the fluid from the tracheal endings after death, as described 
in the flea, does not take place in the mealworm. This could be explained by 
supposing that in the latter insect, post-mortem changes in the permeability 
of the walls of the traoheoles proceed more rapidly than the oonoentration of 
the body fluids by evaporation. 

Tracheal Endings in some other Insects, 

Observations similar to those described on the flea and mealworm have been 
made on a number of other insects. These can be noted very briefly. 

In the cockroach ‘{BlaUella germanioa) many of the tracheal endings are 
easily visible in the living insect. The terminal branches in all parts of the 
body contain fluid, though the air extends into finer branches in the case of 
die leg muscles. On asphyxiation (by flooding with water) die air rapidly 
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oxtandB into the finest bianohoB, the movement of the air following closely 
upon the violent muscular oontraotionB which asphyxiation oauses. When 
^ the asphyxiation is relieved the fluid slowly rises to its original levels and this 
state of afiairs persists until the death of the insect. 



Vio. 2.—IVaoheal ending on surfAoo of gut of moalwonn kept under oovenlip without 
feeding. A, May 9, 1931; B. May 15, 1931; C, May 25, 1931 ; D. May 25. 1931, 
after asphyxiation by flooding with water. 


In the bed-bug {Cimex kUnlarius) the finer tracheal branches over the 
surface of the gut contain fluid even when the insect has fasted for a fortnight 
or three weeks. When the bed-bug is asphyxiated it is extremely passive and 
makes no violent movoments. It is doubtless on this account that no extension 
of the air in the tracheoies could be observed. 

If a mosquito {Aides {Stegotnyia) argetUeus) is allowed to become gorged with 
blood, the tracheal endings in the abdomen can bo readily seen by transmitted 
light against the distended intestine. The air extends only into relatively 
large tracheoies. Asphyxiation, by flooding with water, is followed by a 
downward extension of the air; but since the traohes are not visible in the 
fMting insect, it has not been possible to study the effect of desiocatiem. 

2 j> 


vou mi.—B. 
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Diacussion. 

The observationB recorded in this paper prove that the changes previously 
described in the larva of the mosquito occur also in teirestrial insects. These 
observations raise several points of interest. 

In the first place, since it has been shown (Wigglesworth, 1930) that it is 
osmotic pressure which determines the extent of the air in the tracheoles, the 
changes in position of the air will serve as an index of the osmotic pressure of 
the tissue fluids. And since there is no material change in the position of the 
air in the trachoples, even after prolonged fasting, tlie osmotic pressure must 
be maintained at a more or less constant level. 

This inference is borne out by the observations of Buxton (1930), who has 
shown that oven after prolonged desiccation (keeping over sulphuric acid at 
23” C. for a mouth) the proportion of water in the mealworm is unchanged. 
And light is thrown on part of the mechanism of the process in a recent paper 
by the present writer (Wigglesworth, 1931, b) in which it is held that the chief 
function of the rectal glands and rectal epithelium of insects is to recover water 
fnini tlie excreta and so maintain the normal composition of the blood. This 
{un(*tion is particularly evident in the rectum of the mealworm. 

These remarks apply to the trochoffi which lie on the surface of the abdominal 
organs. The tracheal branches to the muscles of the limbs, and, to a less 
extent, of the body wall, tend to contain air in their finest ramifications at all 
times; and the question arises why these branches are not subject to the 
osmotic pressure of the general tissue fluids ? 

The answer probably is that these branches, lying between the muscle 
fibres, are influenced more by the local changes in these muscles than by the 
osmotic pressure of the general body fluids. For the ‘‘open” cirouJatoiy 
system of insects cannot bring about a rapid mixing of the blood in all parts 
of the body. Consequently, the osmotic pressure between muscle fibres which 
are occasionally contracting will tend always to be somewhat higher than it 
is around the more exposed organs of the bo<ly. That there is no fundamental 
difference between the endings in muscles and in other tissues is shown by the 
observations on the tracheoles to the muscles of the body wall in the meal¬ 
worm, which, during enforced rest, come to contain fluid. 

This leads to the next point which requires further consideration : the possible 
physiological significance of the phenomenon. There can be no doubt that 
the replacement of water in the tracheoles by air will greatly improve the 
supply of oxygon to the tissues, since the diffusion of gas is so much more rapid 
in air than in water. The analogy of this process with the local control of 
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the capillary circulation of vertebrates was pointed out in a previous paper 
(Wigglosworth, 1930). For in vertebrates the capillaries are mostly closed 
during rest, and are caused to dilate by the metabolites produced during 
activity. But this analogy is only «np<;rticial, because, whereas in vertebrates 
a restricted capillary circulation during rest is necessary to relieve the work of 
the heart, there is no apparent reason why all the tracheoles of insects should 
not be kept always filled with air. 

The explanation of the phenomenon is to be sought probably in the physical 
nature of the materials composuig the system rather than in the physiological 
needs of the organism. Thus, it is certain that the walls of the tracheae are 
impermeable to water; and this is probably the case also with the larger 
tracheoles, for otherwise they would often come to contain fluid where they 
lie exposed in relatively dilute lisemolyinph on the surface of the muscles, 
although the fluid in their fluer branches within tlio muscle bundles had been 
removed by the higher osmotic pressure around their terniinations. In other 
words, it is probably only the finest terminations whose walls are permeable 
to water. 

Now where the tubes are larger they will need more resistant walls to save 
them from collapse when they contain air; and if it bo supposed that this 
strengthening of the walls goes hand in hand with a loss of permeability to 
water, it can bo readily understood why the permeable region of the tubes has 
so small a diameter that it is not kept filled with air by the normal osmotic 
pressure of the tissue fluids. 

SnmtMri/, 

It is shown tliat during rest the tracheal endings in a number of terrestrial 
insects contain fluid. During muscular contraction as the result of 

asphyxiation) this fluid is removed, presumably by the increased osmotic 
pressure. 

The fluid is not removed during prolonged fasting under dry conditions (in 
the flea and mealworm). This suggests that the osmotic pressure of the blood 
of these insects is maintained during life at a more or less constant level. 
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I. Introduction. 

Infectious ectromelia was described in 1930 by Miss J. Marchal.* The 
disease, which had not been recognised before, occurred in mice of the breeding 
stock at this Institute. Miss Marchal isolated various kinds of bacteria from 
the foot lesions of infected mice, but could obtain no ejcperimental evidence 
that these organisms had causal significance. Ultimately she succeeded in 
passing the causative agent of the disease through bacteria-proof filter-candles 
and thereby proved it to belong to the group to which the term virus *' is 
applicable. The regularity with which ectromelia can be transmitted from 
mouse to mouse, and the ease with which the disease is identified, provided 
exceptionally good conditions for a closer study of the infective agent, and 
particularly for an attempt to discover whether it has the nature of an organism, 
which can be rendered visible by the microscopic and photographic methods, 
on the development of which 1 have been engaged for many years. It has the 
advantages that it produces typical “ inclusion-bodies ” in the cytoplasm of 
epithelial cells which it infects, and that, on the other hand, extracts containing 
abundant virus, as determined by the dilutions in which they convey the 
infection, can be obtained from infected organs, such as the liver, in which 
inclusion-bodies ore not present, or are extremely rare. In the case of other 
vims infections forming inclusion-bodies, it has been proved, on the one hand, 
that an isolated incluaion-body can transmit the infection, and that its contents, 
when spread into a film and subjected to certain staining methods, contain 
minute particles on which the stain becomes preferentially deposited. Such 
results, however, do not provide very strong evidence as to the identity of such 
particles with the virus. In the case of the ectromelia virus 1 have been able 

• Marchal, J., 1930. ‘ J. Path. & Baot, voL 88, p. 713 (1930). 
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to examine the intact, unfitaiiied, inclusion-bodies and theii expressed contents, 
and to demonstrate the presence in closely-packed formation of minute refrao- 
tile particles of uniform size and appearance, unstained and in the living 
condition. I have, further, been able to examine virus-containing extracts 
from tissues containing no inclusion-bodies, and to demonstrate the presence in 
these of minute particles indistinguishable from those with which the inclusion- 
bodies are closely packed. Of these particles, both from inclusion-bodies or 
in extracts from organs in which the virus is freely distributed, 1 have then 
been able to obtain photographic images with monoohromatio ultra-violet 
radiation which enable the size and shape of the particles to be accurately 
described, and leave little room for doubt that they represent definite mioro- 
oiganisnis, of a size below the limits of ordinary microscopic resolution. 


II. Microscopical Methods. 

I propose to leave for more detailed description, in a separate communication, 
the mechanical and optical apparatus which has been the subject of continuous 
modification and improvement in my laboratory for many years, and which 
has been devised for wider purposes than those of this investigation. It will be 
sufficient hero to give a brief account of particular methods, so that the nature 
of the images observed and photographed may be clear. 

The material examined being in all cases fresh, containing the virus in living 
condition, without fixation or staining, natural refractile properties of the 
objects observed are rclie<l on for the production of images recognisable by 
direct vision or by photography. Two separate but related methods are used. 
In one the granular elements in a preparation arc observed by means of a 
high-power dark-ground illuminator, the objective having the highest numerical 
aperture employable when the object is immersed in a watery medium. This 
limit is reached with an objective of 1 *27 N.A., but in practice one of 1'22 N.A. 
has been found convenient. As a light source a quartz mercury vapour lamp 
provides a luminous area of uniform intensity and remains constant for long 
periods. Two microscopes arc used, both are illuminated from the same source, 
and are provided with identical optical systems to ensure exactly comparable 
images. Thus infective material can be examined side by side with any desired 
control. Monochromatic green light of wave-length 5461 A.U. is obtained by a 
suitable colour screen, and provides an illuminant whereby slight differences 
in intensity can easily be appreciated. The identification of bodira of a 
constant order of size or of luminosity is, therefore, comparatively easy, and 
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with practice conaiderable accuracy is attainable. This method has been 
applied to membrane filtrates and concentrates, and latterly to the primary 
sand-filtrates, with the result that bodies can be identified by visual means 
although the image gives no real indication of size or form. This process is 
essentially preliminary ; it is the second method which is relied on for obtaining 
photographic images of sub-microscopic organisms by means of ultra-violet 
light. This also is a “ dark-ground method, but it can be used either for 
visual observation or for taking ultra-violet photomicrographs. The dark- 
ground illuminator is made of quartz in its refracting elements and of magnalium 
in its reflecting surfaces. It will, therefore, transmit visible or ultra-violet 
light, and, by a simple changing mechanism, either can be used. Suitable 
material having been selected, by the visual method flrst described, a prepara¬ 
tion is made between quartz slide and cover glass, the image is focussed in 
visible light, and photographed in any suitable ultra-violet radiation, the 
necessary adjustment of focus being made in accordance with calculation. 

A microscope of special design is used so that glass objectives can be used 
for all visual purposes and quartz objectives substituted, without interference 
with object or image, for taking ultra-violet photo-micrographs. 

For ultra-violet photography the source of light has been an electric spark- 
discharge between cadmium electrodes. By means of quartz prisms and lenses, 
essentially an ultra-violet spectrograph, the desired lino in the cadmium 
spectrum is separated and projected on to the posterior surface of the quartz- 
magnalium dark-ground illuminator referred to above. The wave-length 
commonly used has been 275(ji|x, but it is now possible to use shorter wave¬ 
lengths over a considerable range. In this way 1 have been able to obtain 
photographs with exposures so short as to reduce to a minimum the risk of 
change in the optical properties of the particles which arc being photographed, 
through the action upon them of the ultra-violet rays. 

MicroBcopical preparations are made from flltrates, concentrates or centri¬ 
fuged deposits. For visual examination a small drop of the fluid to be examined 
is placed between two thin cover-glasses, the amount of fluid being such that 
none exudes from the edge of the cover-glass even with slight pressure. A 
thin layer is essential to avoid interference arising from superimposed images, 
and to reduce the mean free path of the granules. For ultra-violet photo¬ 
graphy the layer must be as thin as practicable, but this is obviously in large 
part dependent on the viscosity of the fluid. As quartz slides and cover- 
masses, used for ultra-violet work, have optically worked surfaces, this is not 
so difficult as with glass, the fluid spreading more easily into a thin, even layer. 
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Immobility of the granules must be seoured before photographs can be taken. 
In part the thin layer secures this, but after a short lapse of time, usually an 
hour or two, the granules attach themselves to slide or cover-glass. The best 
definition is secured when the granules are in optical contact with the under 
side of the cover-glass, but, provided that the thickness of layer is not more 
than two Wave-lengths, either surface can be used. 

in. Mbthods of Freparino and Fn-.TKRiNo Suspensions op Virus. 

Miss Morohal found that saline emulsions, made from the liver or spleen of 
a mouse dying of ectromelia, were very effective in transmitting the infection, 
when injected, in small doses of high dilutions, into other mice. We have 
accordingly used such emulsions for obtaining suspensions of free virus, which 
could be purified and concentrated by differential filtration. 

Preparation of the Emxdsum.—OtXy the preparation of the Uvor emulsion, 
used in most of our experimentw, neccl be described. The mice, which were 
taken when just dead of the infection, or killed at an advanced stage of its 
progress, were all provided by Captain Douglas and Miss Marchal, by whom they 
were infected for our use with active virus. 

0'6 gm. of the minced liver is placed in a sterile porcelain mortar and pounded 
to a smooth paste with a pestle. The paste is further ground with 
2 gm. of washed and sterilized sand, of such grade that it will pass 
through a GO-mesh sieve. The mixture of liver pulp and sand is now 
thoroughly mixed with 40 o.c. of the fluid chosen for extraction, and the 
resulting emulsion transferred to a sand-and-pulp filter, which has 
meanwhile been prepared and tested. 

Preparation and Use of the Sand^nd-pulp Filler .—^The correct and uniform 
preparation of such filters, for the preliminary removal of coarser particles, was 
found, as the investigation progressed, to be of increasing importance. Only 
when this stage of the preparation is properly carried out is material obtained 
in which the virus is sufficiently concentrated, and the particles which I regard 
as virus organisms sufficiently abundant, to enable these to be found readily 
by visual microscopic examination. A brief description of the exact routine 
of the preparation of these filters is accordingly desirable, though they do not 
differ in principle from those which others have used. (C/. Gye and Andrewes.) 

Sand sifted through a SO-mesh sieve is well washed and dried. The paper 
pulp supplied for filtration is broken into shreds, put into a dish, and 
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covered with distilled water. After a few minutes the excess of water 
is poured o6 and the remainder expressed from the pulp as completely 
as possible. This process of soaking the pulp and expressing the wash- 
water is then repeated several times. 

The Alter is made in a glass tube, 7 inches in length and 1 inch in diameter, 
narrowed abruptly by a shoulder at its lower end. where it is joined to 
a narrow tube of 7 mm. diameter (see fig. 1). 

To make the filter a pledget of absorl)ent cotton wool is first placed at the 
lower end of the wide tube. On this pledget is placed a layer of the 

washed pulp, on this a layer of the sifted 
sand, and on this again a second layer of 
pulp. Each layer of the damp pulp 
weighs 3 gm., and the sand layer is 
made of 7 gm. The three-layered filter 
is now compressed, by use of a plunger, 
formed of a rubber Imng of suitable dia¬ 
meter attached to a glass rod. The 
compression should be such that, when 
the tube above the filter is filled with 
distilled water, the water passes through 
the filter, without added pressure, at the 
rate of 5 drops per minute. 

The finished filter is now attached to the 
flask in which the filtrate is to be col¬ 
lected, the upper end of the filter-tube 
and the beak of the flask are plugged 
with cotton wool, and the whole appara¬ 
tus is sterilized in steam for 2 hours at lOO"" C. Autoclaving is not to 
be recommended, as it usually causes a change in the speed and 
efficiency of the filter. 

The permeability of the filter is now again tested, by pouring into it 20 o.o. 
of the fluid which is to be used in making the liver emulsion—^broth. 
Ringer's solution, or distiUed water, as the case may be. It should 
pass, under its own weight, at about 5 drops per minute. 

The onmdsion of infected liver being placed in the Alter tube, the apparatus 
is transferi^ to the cold chamber, at about 4^ C., where filtration, without 
pressure, is allowed to proceed overnight. The filtrate is collected next day, 
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and farther prepared for examination by membrane-filtration, or centrifuga¬ 
tion. 

FiUraiion and Concentration by MembraiM ,—^The differential filtration 
through graded collodion membranea was carried out by my colleague. Dr. W. J. 
£lford, who has elsewhere (1931) described hia method of preparing membranes 
for this purpose, and gives, in an Appendix to this paper, some details of hia 
application of the method to this investigation of the ectromelia virus. The 
object of the filtration through membrauos has Ihscti to remove, from the 
sand-and-pulp filtrate, all particles above and below a certain narrow range 
of size, so chosen os to include the particles of the ectromelia virus. A mem¬ 
brane had to be found, therefore, of such pore size, that it would remove all 
coarser particles, including any bacteria which had passed the sand-and-pulp 
filter, and allow the viruA to pass without serious loss. A second membrane 
bad then to be found, of such pore size that it would prevent any virus from 
passing, but would allow particles of slightly smaller dimensions, and proteins 
and other substances in ordinary colloidal solution, to pass freely. By the use 
of these membranes in succession the virus-containing extract could first be 
purified and rendered bacteriologically sterile, and the purified virus could then 
bo concentrated on the surface of the second membrane. It could be further 
purified, from particles of smaller size than those of the virus itself, by repeated 
washing on the second filter. Finally the virus could be washed off the surface 
of the membrane with a relatively small volume of clean water or saline 
solution, and thereby obtained in sufficient concentration, as determined by 
animal tests, to give a reasonable probability of observing the particles of the 
virus, in the extremely thin layers of fluid suitable for examination by the 
highest power of the microscope;, always provided that the particles had a 
sufficiently difierent refractive index from that of the suspending medium, to 
be rendered visible by the dark-ground illuminator. 

It was necessary to delicrminc by trial the smallest average pore size of a 
membrane which would allow the virus to pass without loss, while removing 
all ordinary bacteria and larger particles, and the largest average pore size of 
a membrane which would retain the virus completely. Membranes of inter¬ 
mediate porosities would allow the virus to pass, with increasing loss as the pore 
size was diminished. By use of such intermediate membranes an approximate 
estimate could be obtained, as shown in Dr. Elford's Appendix, of the size of 
the virus partioles. On the other hand, the difference in average pore size, 
between the two membranes used in clearing and concentrating the virus for 
mioroaoopioal investigation, could not be mode very narrow, if sufficient virus 
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was to be obtained to give a reasonable chance of recognising oharacteristio 
particles. It will be seen, from the detailed protocol given by Dr. Elford, that 
average pore sises of 0*76 [x and 0*112 (i proved suitable for the first and 
second membranes respectively. The first twenty experiments of this kind 
were regarded as preliminary, only visual microscopical examinations being 
made of the different fluids, to ensure that the filtration was proceeding satis- 
bctorily, and to obtain experience and confidence in identifying the particles 
characteristic of the virus by the visual method. Experiment 21, of which the 
detailed protocol is given by Dr. Elford, was the first complete one in which 
ultra-violet photo-micrographs were obtained of the particles so identified and 
located. Over eighty experiments, combining filtration and concentration 
with microscopical examination, have been carried out in all, control extracts 
from normal mouse livers being regularly treated in parallel and examined as 
controls. 

V^e of the Centriftige .—Contrary to expectation, the virus particles, although 
of very small dimensions (about 0 -13 [jl to 0 -14 p. in diameter) are thrown down 
by the centrifuge with comparative ease. If fluid containing the virus is 
enclosed in narrow tubes, centrifugation for 1 to 3 hours at 3,600 r.p.m. pro¬ 
duces a deposit rich in the characteristic particles, and of high infective potency. 
The particles, though small, must be of relatively high density. Experience 
enables them to be identified in the deposit thus obtained from an extract 
subjected only to sand-and-pulp filtration, and their nature is confirmed by the 
ultra-violet photomicrographs. 

IV. Microscofioal Observations. 

These have been applied concurrently to the separated cytoplasmic inclusions 
from the infected epidermis, and to the virus-containing extracts prepared 
and concentrated as above described. 

1. Obaervalions on Cytoplasmic Indnsions .—^These bodies, as seen in stained 
preparations of epithelial tissues (skin, tongue, pancreas) from mice infected 
with ectromelia, appear to be structureless masses of variable size. A tendency 
to granularity of their contents can be seen in a very small number of the 
inclusions in such preparations, but there is no regularity of structure. In 
frozen sections out from fresh material the inclusions present quite a different 
picture. My own observations have been made entirely on such fresh material. 

Mice were inoculated with the virus on the soles of the feet. Vfhea the 
disease had progressed to a suitable stage (usually after 4r-ti days) the mouse 
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WB8 killed, and the hairless pad of tho infected foot removed with ajissozs. 
Frozen sections of the fresh pad were out vertically to tho surface, and kept in 
Ringer’s solution. If such sections are transferred to distilled water in a 
narrow tube, and kept in an incubator at 37” C. for a few hours, or overnight 
at 0^ to 4° C., inclusion-bodies become detached from the macerating epidermal 
cells and settle to the bottom of the tube. Slow maceration in the cold room is 
preferable to shorter treatment in the incubator, since bacteria multiply 
rapidly at the higher temperature. 

If a fresh seotioa is directly examined, without preliminary maceration, the 
inclusion-bodies present a striking appearance under a low power of tho mioro- 
Boope, with a suitable dark-ground illuininator, being easily recognised in their 
natural position in tho section. With a suitable int<msity of the light source,, 
an apochromatic objeotivc of 16 mm. equivalent focal length, and a low-power 
dark-ground illuminator, the picture is striking and characteristic. The material 
of the section, apart from the inclusion-bodies appears white ; the intensity 
of the illuminant should be just sufficient to give it this degree of visibility. 
The inclusion-bodies now appear to have a definite, sky-blue colour, and stand 
out in strong contrast to the white background of tho other structures. By 
this appearance the inclusions can be identified easily and with certainty ; 
even a single inclusion in a thin section, or one which has become detached, 
can easily be recognised. (Figs. A and B, Plate 34.) 

The blue appearance of the inclusions when thus illuminated is not due to 
a true colouration of their aubstauce. It is an optical effect, due to the regular 
distribution in an optically homogeneous matrix of small particles with a 
different refractive index. \Mienever a beam of light passes through a trans¬ 
parent homogeneous jnedium, in which particles of constant size, and of 
constant refractive index, differing substantially from that of the medium, are 
regularly disposed, the light will be scattered by the particles. If tho particles 
are small in relation to the mean wave-length of the beam, tho scattered light 
will be predominantly blue, and its greatest intensity will be at right angles 
to the boom. The phenomenon is similar to that known as the “ Tyndall 
effect,” and its theoretical basis has been formulated by Rayleigh (1871). It 
is neither possible nor desirable to illuminate a section by a beam at right 
angles to the axis of the microscope ; but a low-power dark-ground illuminator 
provides a sufficiently close approximation to this optical condition. 

In practice this optical method of differentiating inclusion-bodies from the 
refit of a fresh section has proved of value. Not only mature inclusions, but 
small, presumably early ones, arc recognised with the same ease. It should 
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be noted that, in using this method of observation, it is important that the 
material should not be macerated in distilled water, or otherwise treated so as 
to alter the disposition of the granules in the homogeneous matrix. In sections 
preserved for some weeks in 0-5 per cent, formaldehyde the blue colour of the 
inclusions can still be seen. 

The ectromelia inclusion-bodies, when fully developed, are oval bodies about 
12-13 \L in length and 6-7 (x in breadth, and their size and shape vary but 
little when they ore mature. Fig. B shows their appearance in the fresh 
section. There is no evidence of a limiting membrane of any kind ; the bodies 
readily coalesce and form large masses if they are macerated in distilled water 
for a few hours. This tendency probably explains the variation in the size 
of the structures described as inclusion-bodies in fixed and stained sections, 
some of which probably represent masses formed by coalescence of the original 
bodies, at some stage of the process of fixation. The natural bodies, as seen in 
fresh sections, appear to behave like colonies of organisms, growing rapidly for 
a short time, until a certain maximum dimension is reached. The organisms, 
assuming the regularly distributed retractile particles to be such, are in this 
instance enveloped in an optically clear matrix, which appears to increase with 
multiplication of the organisms, and may be an essential condition of it in cells 
of certain types. At the earliest stage of its formation, at which an inclusion- 
body has been recognised os such, it is spherical in shape (fig. G). As it enlarges 
and approaches maturity it becomes somewhat elongated. 

Structure with Visible higlU ,—^With suitable dark-ground illumination and 
an objective of the highest aperture, it is possible to see and to photograph the 
internal structure of an inclusion-body in the early stage of its development, 
when it is small in size and spherical in shape. In such a body, photographed 
under these conditions, it is easy to see that the substance contains refractile 
granules of uniform size in large numbers, but not so thickly set os to prevent 
their being perfectly resolved by the microscope. As the inclusion-bodies 
approach maturity, and the granules become more closely packed, the greater 
opacity prevents satisfactory resolution without preliminary treatment. To 
display the granules in these more mature inclusions, the latter ore macerated 
in distilled water for a short time, to soften the matrix, and then gently pressed 
between two cover-glasses. 

Fig. D shows the appearance which can be seen and photographed after such 
treatment. It will be seen that the granules have been spread out, without 
altering their positions in relation to one another in the matrix. The legalarily 
of their disposition, prodooing a resemblance to what bacteriologists call an 
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" impreflsioQ preparation ” will be clear; the uniformity of arrangement 
strongly suggests that which occurs in a colony of bacteria. 

Some difficulty was encountered in obtaining the granules completely 
separated from the homogeneous matrix. This was ultimately accomplished, 
however, by variation of the time and temperature of the maceration process. 
The result of such a successful separation is shown in fig. E, in which the 
uniform size of the granules is obvious, where they have been separated and 
spread into an even film. 

Even with the use of visible light, the similarity in size and refractility of 
these granules from the inclusion-bodies to those which has been observed in 
filtrates from infective organ extracts, and regarded as probably representing 
the virus, had become clear. Figs. E and F enable a com})ariBon to be made 
of the particles from these two sources, photographed under identical conditions. 
No microscopical method, however, using light in the visible spectrum, is 
capable of showing the exact form and size of particles such as these. Their 
size lies below the limits of accurate resolution with light of such long 
wave-length; the images obtained are circular discs, whatever the shape 
of the particles, and their apparent size is dependent on the intensity of the 
illumination. Photo-micrographs of true images of the granules contained in 
the inclusion-bodies have been obtained with ultra-violet rays of suitable 
wave-length. (See figs. B and S.) These will most conveniently be described, 
however, in comparison with the similar photographs of the particles observed 
in virus-containing extracts. 

2. Observations on Virxis-eontaining Liver Extracts. 

Observations ivith Visible Light .—The methods of freeing the extracts from 
particles of larger and smaller sizes than the range within which those of the 
virus are found, and of concentrating the latter, have been described in an 
earlier section. A further optical differentiation can be effected, in the use 
of visual microscopy, with the dark-ground illuminator, by adjusting the 
intensity of the illumination in the manner described. By such means it has 
been found possible, in a purified and concentrated virus-containing filtrate, to 
recognise, with some confidence, particles of a characteristic size and luminosity. 
The images so obtained give, indeed, no real indication of size, and none at all 
of form. Their recognition, however, is an essential preliminary to critical 
examination by ultra-violet photography, since the objects to be photographed 
must be located and brought into focus in a known visible wave-length, before 



370 


J. E. Barnard and W. J. Elford. 


they can be focussed by calculation for the ultra-violet wave-length with which 
the photograph is to be taken. As a result of experience, I can state that 
practice enables one to discriminate between virus particles and other particles 
in the virus-containing filtrate in the preliminary visual observation, so that 
the subsequent ultra-violet photograph seldom shows the selected object to 
have other than the characteristic size and shape. As stated above, it has 
become possible, with experience, thus to select for ultra-violet photography 
particles, or groups of such, in the deposit obtained by centrifugation from a 
fUtrate which bos been passed only through sand and pulp, and has not been 
further subjected to difTerontial filtration through membranes. 

Ultra-violet Photography .—The ultimate aim of the whole investigation has 
been to obtain, and to record by photography, critical images of particles 
which could with confidence be regarded as representing units of the infective 
virus, using a wave-length in the ultra-violet sufficiently small in relation to 
the size of the particles. From such images the true size and shape of the 
particles could be determined, and an idea could be formed as to the likelihood 
of their having the nature of true micro-orgauisms. This method of examina¬ 
tion has been applied to the granules contained in inclusion-bodies, l}oth m situ 
and after expression from the macerated Inxly and liberation from the matrix. 
It has also been applied to the particles, identical in appearance with the 
inclusion-grannies when examined with the dark-ground illuminator and visible 
light, occurring in the suspensions obtained by differential filtration or centri¬ 
fugation from virulent liver extracts. 

EUord calculates, from the filtration results described in the Appendix, that 
the units of cctromelia virus have a diameter not greater than 0-15 (Ji, or less 
than 0*1 [JL. For objects of this size, the use of rays of wavo-Iength 0-275 (i 
for illumination should enable a true image to be obtained. There is a 
sufficient margin of efficiency in this case to ensure a close resemblance between 
object and image. Good, sharp photographic images have, in fact, been 
obtained!, and measurements of them indicate a size within the range indicated 
by Elford, being, in fact, 0-lM)-14|ji. The photographic images of the 
particles in the inclusion-bodies, and of those selected from the virulent liver 
extract, ore completely identical in appearance, as may be seen in figs. E, M, 
N, 0, L, R, 8, Plate 35. A common description may, accordingly, be given for 
the particles from both sources. They have definitely the appearance of 
minute micro-organisms, and I propose to describe their morphology as that of 
the organism of octromelia. 
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Morphdogg of the Caimtive Organism of Infet^ious Ectromdia. 

Although a complete acoount of the morphology of such a miuute orgamsm 
cannot be given at this stage, there are certain characteristics observable in the 
numerous ultra-violet photographs which, together with some which can be 
seen directly with visible light or observed by other means, justify a general 
description. In form the organism is coccoid. Pairs arc common, and 
elongation is evident os a preliminary to division. Isolated organisms are 
spherical and highly refraotile, and the refractivity appears to increase with 
shortening of the wave-length employed for illumination. The small mass is 
apparently aasooiated with high density, os indicated by the case with which 
they are thrown down by centrifugation in narrow tubes, even at 3000 r.p.m. 
Beproduction is by binary fission, but the period of elongation, before division 
occurs, is short, the final separation taking place quickly and sometimes 
suddenly. The separating elements often appear to have a connecting filament, 
whi(;h on rare occasions has actually been seen. If one organism of a pair 
becomes attached to slide or cover-glass, the other is often seen to move in 
a path whioh suggests a connection between tlio two. 

The ultra-violet photographs suggest that there is a cell wall, indicated by 
a more highly refractive outline. There is, Iiowever, an obvious possibility 
that, in oells so minute os these, the surface is so large in relation to the small 
mass that the cell wall is not a separate structure, but only such a limiting 
membrane as would be produced by eficots of surface tension. Intorfacial 
phenomena are likely to bo more eilcctive in determining the morphology of 
such minute organisms than in the case of larger ones. A study of the original 
negatives indicates that, as the cell elongates before division, there is an 
increased density of the more refractive cell membrane at the poles, and a 
thinning, suggesting a condition of strain, in the middle. In larger organisms 
bipolar bodies are oonunon, and are regarded as due to local change in the 
quality or density of the cytoplasm. In the case of organisms so minute as 
these, however, it seems possible that the appearance of bipolar density is, 
again, only an effect of inteifaoial phenomena. 

Discussion. 

The evidence here presented for the identification of the minute bodies 
demonstrated by the mioroscope, as actual units of the infective agent of 
eotromelia, appears to be as complete as any whioh can be obtained when 
dealing with a virus, unless it should prove possible to cultivate it in an artificial 
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Fia. D.—Infectious Ectrnmdia, x 1260. Mature ioulueioD-body in distilled water 
showing regular distribution of organisms in matrix. 

Fxo. E.—Infectious Eotruiuelia. x 1260. Free organisms from inclusion-body after 
maceration in distilled water. 

Fzd. F.—Infectious Ectromelia. X 1260. Same material as Og. M, Plate 36. The large 
white objects ore sand grains. 

Ultra-violet Light Photo-micrograf^. (Fios. G and H. Chr. prodigiontm. X 3200.) 

The photo-micrographs of Chr. prodigiosum are included to provide standards of 
refcxence for estimation of relative siEes, and to suggest the type of image obtained of these 
oiganisms when photographed in the living state with ultra-violet light. Two photographs 
are included to show the effect on the image when the objective is focussed on different 
planes. In one (fig. G), the oell wail is in focus, in the other (fig. H), the cell contents are 
better defined. A similar difference is suggested between fig. M and fig. X. 

Plate 35. 

VUra-vioUt Pkoto-micrographo. 

Fig. K.—Infectious Ectromelia. x 3200. Preparation made from a membrane filtrate 
at infective liver emulsion (see Exp. 21). 

Fia. L.—Infectious Ectromelia. x 3200. Preparation made from a membrane filtrate 
of infective liver emulsion concentrated by further filtration through a less permeable 
membrane. 

Fig. M.—Infectioiu Ectromelia. x 3200. Centrifuged deposit from sand-and-pulp 
filtrate of infective mouse liver. Preparation maile from same material as fig. F, 
Plate 34. 

Fio. N.—Infectious Ectromelia. X 3200. Preparation as fig. M, but showing the colnny- 
liko grouping that frequently occurs. 

Fro. O.“lnfectioiis F*ctromelia. x 3200. Preparation as fig. M. but from infective 
spleen. 

Fio. P.—Infectious Ectromelia Cytoplasmic inclusion-body, x 2(HK). From frozen section 
of mouse foot. Individual organisms are seen on outer edge. 

Fiu. R.—Infectious Ectromelia organisms separated by maceration from inclusion-body 
matrix, x 3200. 

Fro. 8.—Infectious Ectromelia. As fig. R. x 3200. 

Figs. R and S are preparations from the same material as shown in fig. E, Plate 34. 


APPENDIX.- -Fillratiart Experiments with Virus of Infectious 

Ectromelia. 

By W. J. Elfobd. 

The primary demand upon any filtration method, as an adjunct to mioro- 
soopical studies, is tliat it should provide a means of fractionating from a 
polydisperse system particles which within certain limits are of a definite order 
of size. To accomplish this it is essential to have a series of graded filters of 
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kaown poroHities, capable of being reproduced with constancy. Then, by 
adopting a carefully regulated filtration technique, graded filtrates can be 
obtained, the particle sire of dispersed material in any one of which is deter* 
mined by the grade of filter em])loyed. The use of such a method in con junction 
with microscopical examination of filtrates provides at onct; a direct method for 
the analysis of disperse systems. This, of (‘.ourse, assumes that the disperse 
phase is resolvable by the optical methods available. 

Mr. Barnard has already indicated briefly the part played by filtration in 
the present study on the virus of infectious ectromelia. I propose to describe 
in more detail the lines along which the filtration experiments have been 
conducted, and particularly the. steps in the development of the general 
experimental method. 

Manbranes. 

A new series of graded collodion membranes has been used, the preparation 
and properties of which liavc been described in a recent paper (Elford, 1931).* 
Reference should bo made to this paper for particulars. It suflices to state 
here that unifonn reproducible membranes, graded in porosities from 2^ (4 
downwards to 10 pfi or less in estimati'd pore diameter, are available. 


Filtratiofi AppanUits, 

The membrane, supported on a perforated plate, is assembled in an ultra- 
filter (see fig. 2). The design of the latter difiers slightly from that described 
in an earlier work (Elford, 1929).t An hexagonal nut and screw thread replaces 
the three nuts and bolts as the means of clamping the component parts of the 
filter together. This automatically ensures an evenly distributed pressure 
upon the rubber washer, making an effective joint with the membrane ; and, 
further, it greatly facilitates the final operation in assembling the filter. An 
important feature, not to be overlooked, is the slot-looking device (X in fig. 2)^ 
which prevents any shearing stress being transmitted to the membrane in the 
process of clamping. Any risk of tearing the membrane is thereby eliminated. 

The component parts of the ultra-filter are stiirilised in the hot air oven, 
while the membranes are subjected to “ steaming.” The complete filter is 
assembled in the sterile atmosphere of an ultra-violet light chamber (Elford, 

foe. cU.yt ^ J ^ 84^ p. 605 (1931). 

f ‘ Brit. J. Esp. Path.,’ vol. tO, p. 126 (1024). 
t • J. Path, k Baot.,’ rol. 86. p. 713 (1930). 

2k% 
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Experimenial. 

The firet step in the filtration study was to determine the filtration end-point 
for the virus, i,e,, the limiting grade of membrane which permits the virus to 
pass. 

The starting material was a sand-and-pulp filtrate of a 1 per cent, emulsion 
in broth of infected mouse liver. A method for standardising the sand-and- 



pulp filters, which Mr. Barnard lias described, was introduced to ensure that the 
initial material should be comparable in all experiments. This filtrate, when 
passed through a membrane of A.F.S. (average pore size) 0-75 p at 20 cm. 
mercury pressurts gave an actively potent ultra-filtrate, which invariably 
titrated to 1 in 100,000 when tested by inoculating 0-2 c.c. into the foot of a 
normal healthy mouse. This membrane effectively retains B, prodigiom$t 
and all filtrates were found to be sterile by cultural tests. Adequate con¬ 
firmation is thus afforded of the work of Marchal (1930), who, on the evidence 
of its passage through baoteria-tight filter candles, placed the causative agent 
of this disease in the filterable virus group. The vims continued to pass 








CauacUive Organism in Infectious EotromeUa. 


377 


readily all membranes down to A.F.S. 0*3 (i, when a range of pore siae was 
reached whore filterability is affected greatly by the conditions of experiment, 
particularly the filtration pressure. The definite ond-point of filtration of the 
virus was found to be 0* 2 (a, a membrane of this grade effectively retaining the 
virus under all conditions tried. (Table 1 summarises results.) This corre¬ 
sponds with the end-point of filtration of the organism of bovine pleuro- 
jmeomonia. On the basis of numerous experiments with this latter organism 


Table I. 


No. of 
Bzperi- 
rnentB. 

Membrane 

Grade 

A.P.8. 

Viltntion PresBuro. 

Vinu 

Activity in 
Filtrate. 

10 

0-75 fi 

30 cm. WaUir j } } 

20 om. Mercury -l + 1 H- 

j 7«cfn. „ . + -f- ( 1 

_3 J 

0 60 p 

1 7d cm. Mercury ' j ' 1 

8 

1 0 00 p 

1 20 om. Mercury (- + 4 ! 

1 70 om. „ 1 -h I + 1 

10 j 050 p 

20 cm. Mercury j i- 1 + 1 
70 om. ,, ! ^ j 

U 0-40 p 

20 cm. Mercury ! 4 4- * 
7dom. ,, 1 f 1' 4 ( 

7 

1 0 • 3 p 

20 cm. Mori'iiry + ; 

76 cm. ,, i i 

10 

0-26 p 

30 om. Water ! j 

20 cm. Monjury . ' j 

76 cm. „ 1 J, 1 

6 1 

1 0-8 

20 cm. Mercury ! | 

76 cm. M 1 - 1 

20 

0-lS (i 

1 20 om. Meroury j - | 

1 76 cm. ,, 1 - 1 

j 3 atmoa. ' j ~ 1 


Remarkfl. 


FiUrali*tH CoT^iiions —• 

-- 7 ' 6 - 7-6 . 

VoluniH of fUtnfce 10 c.c.,1 om. 
membrane eiirfare. 


Virus AciivUy — 

+ + I- Mouho Buouumbe to du- 
oaoe Hhowing typical 
Hympttinu within 7 
days. 

I -f- Mouse nuocamlM in 7-10 
days. 

+ Moufw nuoonnibe in 10-14 
dayii. 

=f Reeult sometimes 

Bometimos | , more 
ftequently —. 

-h Ditto, mure frequenlly -\- 


in particulari and with standardised metal sols, 1 have been able to deduce 
a relation between the size of the pores of a membrane, and the size of the 
particles which it allows to pass. I deal with this relation mote fully in a 
forthcoming paper. Here it may be stated that, on thia basis, 1 calculate that 
Uie infective particles of the octromelia vims are not greater than 0'16 p or 
less 0‘1 (1 in diameter. It follows, therefore, that, with an optical system 
capable of resolving structures of the order 0*1 p, the virus of infectious 
ectromelis, if existing as elementary particulate units, should be discernible 
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in infective filtratea. It will be seen that Mr, Barnard’s direct meaaiireinfint 
of the particles photographed by him, and indentified by him as the virus 
organisms, falls in this narrow range. 

ConoerUraiion of Virus. 

From the standpoint of microscopical study it is eminently desirable to have 
the virus present in high concentration, to facilitate its detection. The evidence 
of the present study indicates that, to detect the virus with reasonable certainty, 
it must be present in such oonoentration as to remain infective in a dose of 
1 c.c. after being diluted 1(H times ; it must contain at least 10^ minimum 
infective doses per c.c. Filtration has been able to assist here. The procedure 
adopted is as follows 

The sand-and-pulp filtrate is filtered through a permeable membrane of 
A.P.S. 0-6-0*75 p, to furnish a virus-active filtrate free from ordinary bacteria. 
This filtrate is then concentrated by using a membrane known to effectively 
retain the virus (A.P.S. 0*1-0 *2 (i). Noting the volume of the charge plac^ 
in the filter, nine-tenths of this is collected as filtrate. The residue will contain 
all the virus originally present. A tenfold concentration may be effected in 
this way. The following protocol of an experiment illustrates this. 

Protocol. Experiment 21. 

The mouse was killed in early stages of the disease, the liver was consequently 
less pale and spotted than in a typical advanced case. 

Material — 

1 per cent, broth emulsion of infected liver, filtered through sand-and- 
pulp filtt*r to remove coarse tissue debris. 

Penneo&k Mernbrane Filtration — 

V 

Membrane Grade.A.P.S. 0-76 (x. 

Filtration Pressure .. 20 cm. mercury. 

Ultra-filtrate referred to as Stock Filtrate. 

ConoerUration of Stock FiUrate — 

Membrane Grade = A.P.S. 112 

Filtration Pressure — 3 atmos. 

Filter Charge = 10 o.o. 

Filtrate Volume s 9 c.c. 

Residue „ =1 o.o. 
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Control AnimU Tests — 

In each test 0*2 c.c. was inoculated into the foot of a healthy mouse. 

Undiluted stock filtrate .. Mouse showed typical foot symptoms on 

6th day, 

1 /lOO.OOO dilution stock 

filtrate Negative. Mouse normal. 

Residue undiluted .. Mouse showed jiositive foot reaction on 

3rd day. 

1/100,000 dilution residue .. Mouse showed positive foot reaction on 

16th day. 

Ultra-filtrate (112 p|x mem¬ 
brane) undiluted .. Negative. Mouse normal. 

Conclusion .—The residue is definitely more potent than initial stock filtrate 
and control animal test would suggest probable tenfold increase. 

Note .—The fact that the stock filtrate gave no r(»action in 1/100,000 dilution 

is most likely due to there being less virus in the original tissue at an 

early stage in diBeam\ 

Purification of Virus by Washing, 

Vims obtained by extracting infected tissue wit»h a suitable liquid medium, 
is always associated with quantities of tissue proteins. The presence of the 
latter is very undesirable for microscopical studies, and, indeed, for other 
studies also, particularly in immunity experiments. Endeavour was therefore 
made to prepare a siispeiiBion of virus which was frw' from a large percentage 
of these proteins. The procedure followed was exactly that in concentrating 
the virus. After filtering nine-tenths of the volume, the residual one-tenth 
was again diluted with the wash liquid—water, physiological saline, or broth, 
os desired. Nine-tenths were again filtered and the process repeated until the 
filtrate no longer gave any protein reaction. The residue, either in concen¬ 
trated form, or made up to the original volume, contained virus with only 
slight traces of additional protein. The improved optical transparency of the 
medium is a great help in microscopical study, resulting in a sharper image 
being formed. 

The activity of the washed virus was comparable with that of the original, 
but in titration experiments a drop in titre of approximately one-tenth was 
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uimally found. This is most probably due to the aggregation of the vims 
into clusteiB at the membrane surface^ during the washing treatment. 

This method of obtaining virus free from protein, although somewhat 
laborious, should also prove useful for the study of immunity reactions. 

The quantitative aspect of the filtration study of the virus of infectious 
eotromelia, with the results of titrations of the vims at various stages by means 
of animal tests, must be deferred to a later paper. I should like to acknowledge 
here, however, my indebtedness to Captain 8. R. Douglas and members of his 
department, who have throughout the course of this investigation supervised 
and conducted the control animal experiments. 
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IfUfoiuotion. 

The application of the mieromanipulative technique to the study of cells 
in tissue culture has for a long time offered an interesting, though difficult, 
field of research. Thus far, comparatively little has been done, the most 
notable contributions being those of Levi and of P^terfi and co-workera (Levi, 
1926; P^torfi and Olivo, 1926; PAterfi, 1927; P6terfi and Kapel, 1928). 
P^rfi has also written a special paper on the technique (1927). The main 
deterrent in this work has been the lack of sufficient ease in the accurate and 
continuous control of the microneedles under the conditions required. 

Recently it has been possible to increase the steadiness of the Leitz instru¬ 
ment by a system of -flexible shafts to operate the adjustment screws of the 
nueromanipulator, so that no vibrations of the hand are imparted to the rigid 
parts of the apparatus to which the needles are attached. Another feature 
which has greatly enhanced midomauipalative work under high powers is the 
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use of dark-groand illununation made possible by a speoial condenser recently 
manufactured by E. Leitz. The upper surface of the condenser is broad, and 
a large, shallow cone of light emerges from its riiu. A small sector of the rim 
has been cut away and the central region of the top of the condenser hollowed 
out to permit the introduction of microneedles beneath the cone. The tissue is 
operated upon in a hanging drop suspended in a moist chamber which encloses 
the condenser. Remarkably good resolution was obtained with this condenser, 
the illumination being such that the finer cytoplasmic granules, mitochondria 
and the delicate cell-boundaries were plainly visible. 

Technique and Material. 

The Nouroc of light was the Fointolite. Ordinary transmitted light was used 
occasionally, but most of the work was done with the dark ground. 

The principal objectives used were the 10a and 12a oil immersion of Leitz. 

Cultures of the following tissues were made : -^Jhoroid, sclerotic and retinal 
pigment epithelium, mesonephros, intestine, skeletal (limb) muscle and spleen 
from 9-day fowl embryos and periosteum from H-ilay embryos. The tissues 
were grown by the ordinary lianging drop mctliod in a fluid medium which 
was prepared as follows ;—Two parts of embryo extract were mixed with one 
part of plasma and the mixture was allowed to clot. The clot was then cut 
up into fragments and incubated for 30 minutes at 37*6'^ C. A considerable 
quantity of fluid exuded during incubation and this was removed with a pipette 
and used as the cultun^ medium. This fluid medium is always employed at 
the Strangeways Laboratory for studying cultures under dark-ground illumi¬ 
nation where the presence of fibrin would confuse the light. Every 48 hours 
the cultures were washed with embryo extract and fresh medium was added. 
The cultures were generally used 24 hours after the second cliange of medium. 
In order to facilitate adhesion of the growing tissue to the covers!ip the ex¬ 
plant was mounted in a rather shallow drop of medium. When the coverslip 
was removed and placed on the moist chamber of the manipulator, more 
fluid usually was added to minimise the effect of evaporation. 

The moist chamber was of a special form adapted for use with the dark 
ground condenser. All the experiments were made with the microscope and 
manipulator in a thermo-regulated warm box at 38—39'* C. 

On the stage of the manipulator in the warm box the tissue did not remain 
in a normal condition for much longer than half an hour. The experimental 
work, therefore, was limited to the first fifteen or twenty minutes and the 
preparations were always discarded when they showed the least sign of deterio- 
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ration within that time. This precaution necessitated the use of cultures in 
large numbers and we take this opportunity of expressing our appreciation of 
the valuable and skilful assistance of Hr. V. G. Norfield, the technician of the 
Laboratory, who kept us supplied with an abundance of splendidly growing 
material in a liquid medium. 

All the observations recorded in this paper were made simultaneously by 
two observers through a double demonstration eyepiece and no conclusions 
were reached unless agreed upon by both. 

This paper deals with the miorodissection, mainly puncturing experiments, 
of a variety of cells in tissue cultures. 

In the microdissccting chamber the first signs of deterioration of a culture 
were a slowing down and stopping of cellular and intracellular movement, 
followed by a faintly perceptible increase in the opacity of the cells. This 
was best seen under dark-ground illumination. As a matter of fact, the dark- 
ground studies proved to be most valuable not only because of the splendid 
detail of structure revealed, but also because of the ease with which it enabled 
one to detect the appearance of fine coagulation granules in the cytoplasm 
when deterioration was aa the way. Frequently, in otherwise healthy-looking 
cultures with cells growing out in sheets, the peripheral attachments of the 
sheets would give way in places resulting in a general breaking loose of all 
the peripheral attachments and the retraction of the entire sheet of colls into 
the main body of the explant. This phenomenon usually occurred when 
visible signs of deterioration in the cells had set in. We may, therefore, con¬ 
sider the loss of adhesiveness as one of the usual signs of impending death. 
Sometimes, however, the detachment was due plainly to mechanical causes of 
undue stress, set up, for example, by tilting the drop or by loosening certain 
attached areas with a needle. Indeed, the principal difficulty of operating 
on one of the outlying cells at the periphery of the sheet lay in the fact that 
the cell operated upon, by losing its adhesiveness and becoming detached, 
tended to place too great a strain on the neighbouring cells with the result 
that the sheet would give way and retract, frequently carrying with it the 
cell being operated xxgon* 

The various ty^ of cells studied were fibroblasts, resting and mitotic, 
macrophages, pigmented epithelial cells of the retina, intestinal epithelial 
cells and skeletal myoblasts. 

ExperimenUU, 

1, Fibrablaats .—^A well spread out fibroblast with the sweeping lines of 
its borders and a cytoplasm containing shimmering fat-like globules and 
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BinucniB mitochondria in slow, constant motion gives one the impression of 
a very delicate fluid body. 

With manipulation, however, the effect is one of surprising stiffness. 
For example, a cell spread out on the coverslip was pulled loose on the tip 
of a needle. The pseudopodia remained partly extended as the cell was 
moved to and fro in the liquid medium. A minute latt't the needle with the 
cell attached to it was lowered out of the hanging drop and immediately 
returned, whereupon the material of the cell was found to Im* glued as a rounded 
mass to the tip of the needle. 

The stiffness of the flbroblast is mainly due to its enveloping membrane 
particularly along the sweeping, curved borders typical for an extended 
fibroblast. Fine strands of material can be drawn out of the border on the 
tip of a needle without disturbing the general contour. The strands when 
released recede and there is no sign of resulting injury. If, however, the 
membrane is pricked and torn quickly the uniformity of the outline disappears 
in a wave spreading from the site of the tear. The exposed cytoplasm may 
persist as a coagulum, the boundary of which is quite different from the 
original boundary of the living cell. 

An elongated pscudopodium with a spread-out tip was carefully pinched 
across its middle with the cylindrical side of a horizontal needle (text-fig. 1). 
As the pinching was increased the internal granules receded in both directions 
and the pinched region gradually narrowed to au attenuated strand. With the 
release of pressure the base of the strand swelled in waves wliich moved 
along the strand and progressively thickened it until aft;er several minutes 
it had attained and surpassed its original size. 

The reaction of the fibroblast to ini'chaiiical irritation is alwajTH very 
slow. The following are typical examples. An expanded, trinuliaU; cell 
was viciously probed with a ne<?dle. A minute passed by before one of the 
pseudopodia was slowly withdrawn. After several minutea, a new 
pseudopodiiun grew out in the same direction as the first. In another case, 
the side of an extended pseudojKKlium was considerably indented by poking 
with a needle. This caused a few granules at some distance from the indented 
region to move. After a short time, tJie pseudofKHlium became detached 
and retracted, at first slowly and then with increasing rapidity, leaving 
cytoplasmic remnants stuck to the glass. After several minutes the cell 
was found to be spread out again with large new pseudopodia and with good 
intracellular movement. 

The oentrosphere region frequently was plainly visible, lying against 
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a slight indentation on one side of the nucleus. This area could be punctured 
repeatedly with no visible effect either on it or on the cell as a whole. Pushing 
it against the nucleus tended to compress the centrosphere area without 
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Fio. ].—^The eHect ol proMure <m the peeudopodium of a fibroblast, (a) Immediately 
before presiiire. ib) During the ap^oatkn of presBuze. Note the attanuatioii 
the strand, (c) Immediately after release of preMure. The thread of oyto^dsam 
adherent to the needle. Note the wave-like swelling at the base of the pseodopodiiini. 

(d) The wave-like sweliingi have passed along the strand whioh has become thicker. 

(e) The strand has now enlarged to its original sixe. 
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prodaoing any auch effect on the nucleus. On the other hand^ the following 
observation indicates that the centroaphere is a definitely localised region 
of an appreciable stiffness. The nucleus of an expanded cell was injured by 
puncturing. The resulting c 3 rtolyBiH causcil a hole to be formed through the 
flattened cell. The hole quickly became bounded by a plasma membrane 
with the centroaphere lying to one side in the cytoplasm. A few seconds 
later the centroaphere was seen to move against the margin of tlie hole and 
to produce a rounded bulge which occupied a considerable part of the hole. 

The mitochondria in the fibroblast arc» slender, wavy filaments which 
undergo slow, sinuous movements among the sparsely-distributed fatty 
globules in the cytoplasm. It was found possible to touch individual 
mitochondria with the tip of a micronocdle and to push them about without 
producing any visible effect, except possibly in causing them to appear more 
distinct. One long filament was even cut in two and each piece, as well 
as the neighbouring mitochondria, preserved their filamentous shapes. 

On the other hand, a drastu; tear of the cytoplasm or the destructive 
effect of puncturing the nucleus quickly causes the mitochondria throughout 
the dying cytoplasm to round up. The degenerative changes in the mito¬ 
chondria. fig. 2, were observcMl to be as follows 
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Fig. 2 .—iSwening of the filamentoiu mitoebondria iollowing punuturo of the nuoleiui uiid 
accompanying degenerative cliangen m tlio cytoplasm. 

The filament at first swells either at one end or anywhere along the middle, 
and in some c>aae8 two or more swellings may occur on the one filament. The 
swellings then progressively enlarge and incorporate more and more of the 
filamentous portion imtil the entire mitochondrium has been converted into 
one or nu>re delicately outlined spheeniles. Under dark-ground illiunination, 
these sphfierules can be distinguished from the fatty globules by the much 
lower refraotive index of their borders. 

The nucleus is a deformable, fluid body which collapsos when pricked. 
In the expanded cell it is a flattened, brood ovoid which reverts to a spherical 
shape when the body of the coll filbout by arelcaseof its peripheral attachments. 
Within the optically empty interior are one or more vaguely-shaped nucleoli 
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which can be pushed about and divided with a ueedio into smaller sphseroles. 
The nucleuH does not necessarily collapse until the needle has been removed. 

Punctun; of the nucleus of a mononucleated cell always results in the 
<leath of the cell. The ifaimediate effect is a cessation of intra-cytoplasmic 
movements in the vicinity of the nucleus and a few seconds later throughout 
the entire cell. This is quickly followed by the appearance of a diffuse, very 



3. 

Flu. 3.—Manipulation of one of the nucJooli of a fibroblaatt 1-3. dividing a nnoleolus 
into two smaller sphipnilee; 4. pushing a nucleolus against the nuclear membrane. 

fine granulation probably identical with the “ death granules ” described 
by Lewis (1923), which produces a general opacity of the cytoplasm. During 
this time, the pseudopodia of the cell gradually retract. The nucleus becomes 
more and more opaque, and continues to shrink for as long as one to three 
minutes after being punctured. 

A typical case of the death of a fibroblast, fig. 4, is recorded as follows:— 
Within one minute after puncturing the nucleus the cell had shrunk 
considerably; two minutes later the nucleus was an irregular, orenated, granular 
body within a hyaline space. Brownian movement of the fat globules 
throughout the cell progressively iucreased and reached its maximum seven 
minutes after the ceU had been punctured, while a definite membrane, about 
the liquefied cytoplasm, kept the oscillating granules from neaping. The 
membrane of thei dead cell was then tom, upon which disintegration became 
complete and the internal granules escaped into the surrounding medium. 
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The nuclear remnant, as a coagulated body, was dragged out and stretched into 
a stringy, gelatinous mass. In another case in which the mitochondria were 
beautifully visible, the nucleus was punctured, and, after several minutes, the 
mitochondria degenerated into globules and a bubbling occurred at different 
regions on the surface of the cell. After 5 to 10 minutes, a restricted Brownian 
movement developed throughout the c 3 rtoplasm. The formation of bubbles 
on the surface of a d 3 ang cell is a peculiar phenomenon of tlic membrane 





Fio. 4.—The effect of nnolear puncture on a fibroblast. The entire cell shrinks, the 
nooleus becomes orenated, a granular precipitate appeals in both nucleus and cyto¬ 
plasm and the filamentous mitochondria round up into spheres. The third drawing 
■hows the nuclear remnant being drawn out of the coagulated cell by the needle. 

undergoing degeneration. Some of the bubbles break away as delicate, 
hyaline vesicles and disappear in the medium. Tearing a degenerating cell 
occasionally accelerates the bubbling process. During this period the cell 
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may still remain adherent in places to the glaas^ and, by progreasire retraction, 
leave behind long streamers of material which are in agitation and frequently 
round up into vesicles. The main substance of the granular cytoplasm finally 
shrinks into a coagulated mass. 

In the case of binucleate cells, which are fairly common in slightly unhealthy 
cultures, damage done to one nucleus results in degenerative changes which 
may or may not involve the remaining nucleus. In several cases it was found 
that the presence of the other nucleus resulted in a complete recovery of the 
cell (Plate fig. 1). A typical case is recorded as follows : In a well-spread- 
out fibroblast, one of two oval nuclei lying close together was slightly pricked 
witli a sharply-pointed needle. A pseudopodium extending from the vicinity 
of the injured nucleus was completely withdrawn and the flow of its cytoplasm 
into the main body of the cell coincided with the collapse of that Ride of the 
pricked nucleus towards which the flow was directed. The cytoplasm in 
the vicinity l^eeame clouded with the appearance of tine, diffuse granules. 
A minute later another pRCudopodiimi extending from this region was withdrawn 
and a general moveunent became apparent which carried fat bodies and 
mitochondria into the region of the injured nucleus which shrank still further 
into a small, wrinkled mass. The other nucleus gave no sign of degenerating. 
Five minutes later, pscudopodia were extending again from the region which 
harl been affected, the cloudiness disappeared and, within ten minutes after 
the puncture of the one nucleus, the cell was again completely expanded 
and had regained its former appearana;, except in having been converted 
from a binucleate int^ a mononucleate cell. 

In another cose one of two nuclei was punctured in a cell in which the two 
nuclei were widely separated. Localised retraction of the cell occurred and the 
fine granules appeared within a minute. Three minutes later the cytoplasm 
was clear again, and six minutes after the puncture the cell had completely 
expanded and appeared normal. The second nucleus was then punctured, 
whereupon death granules appeared all through the cell which soon shrivelled 
into a degenerated mass. 

Fibroblasts sometimes occur in groups in which the contiguous cell- 
boundaries are invisible. A case in point was a structure which appeared to be 
a large binucleate fibroblast. One nucleus was punctured and the result was 
that the death changes about the injured nucleus and the consequent shrinkage 
brought into view the outline of the contiguous cell which remained unaffected. 

2. EptiheUd CeOs of the ItUe^ine ,—^The sheets of epithelium which outwander 
in these cultures make beautiful objects under dark-ground illuminatiou. The 
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cell-boundanes are invisible, but the area of each cell is indioated by the 
opticaQy empty, broad ovoid nucleus around which are clustered filamentous 
mitochondria which show up as pale white, wavy lines in constantly Hhimmering 
movement. Hero and there among the mitochondria is an oooasional highly 
refractive fat-like globule. In some of the nuclei can be seen one or two faintly 
outlined nucleoli. 

A culture (Plate 37, fig. 2) containing a beautiful shei^t of epithelium with 
cells full of filamentous mitochondria, was mounted on the microscope stage 
and one of the nuclei in the middle of the sheet was punctured. The mito¬ 
chondria around the injured nucleus stopped moving, became much more 
distinct than before, and the outline of the ccU become apparent os its border, 
except at two opposite ends, gradually shrank away from that of the neigh¬ 
bouring colls. Within two minutes the mitochondria in the affefjted cell were 
distinctly thicker and shorter than before, while the surrounding cells main¬ 
tained their normal ap{>earance and position. One minute later (three minutes 
after the puncture) the nucleus became wliitish owing to the appearance of 
fine granules and finally shrank into a coarsely granular body with a distinct 
outline. The initochon<lria, in the meantime, became prominently doubly 
contoured and developed IwAlised swellings so as to appear beaded. Within 
another minute all the mitochondria were converted into sphaBrulcs with pale 
white contours less ndractive than the highly glistening fat-like globules in 
the ccD. Six minutes after the nuclear puncture the cell was a shrunken coagu¬ 
lated, granular moss, hold in place only by two opposite tapering ends and with 
a broad gap on either side separating it from its neighbours. 

There was no evidence of tninsmission of injury from cell to cell, and the 
two persisting points of attachment of the slirunken cell recall a similar pheno¬ 
menon already described in the raicroflissection of cells of peritoneal moso- 
thelium (192fi). 

The ovoid form of the mndcus in the living cells of this epithelium is duo to 
the stretched condition of the cells, for the nucleus changes to a spherical 
shape when the tension is released by loosening the cell from its attachments. 

3. Pigmented Epithelial CdU of the Retina. —These cells are among the most 
beautiful objects under dark-ground illumination. The epithelium grows as a 
continuous sheet of very much flattened, polygonal cells, the boundaries of 
which are invisible. Each cell has its brood, ovate nucleus which is optically 
empty except for one or two vaguely shimmering nucleoli. The rest of the 
cell is filled with golden-hued, glistening pigment rodkts which ore at one 
moment stationary and at another scurrying about in groups and singly along 
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various paths through the cytoplasm but always in the plane of their longi- 
tudinal axes. The rodlets always keep within their respective cells and it 
is this fact which enables one to distinguish the boundaries of the oells in 
what otherwise appears to be a continuous sheet. 

The cells of a sheet are attached only along their borders to the neighbouring 
cells and, at the periphery of the sheet, to the glass of the coveralip. When, 
therefore, the border cells become detached from the glass the sheet contracts 
as a whole. 

A broad cytoplasmic process, extending into the medium from a cell on the 
periphery of the sheet, was carefully out off by drawiz^ the tip of a needle 
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Fig. 5.—^Klstagated pigment epithelial cell showing the effect of cutting off a oytophsmio 
process. Note the elasticity of the cell as indicated by the retraotioa of tiw two 
parts away from the out towarda the two attached ends. 

slowly across its middle (text-fig. 6). The pull of the two ends of the odl spread 
the borders of the cut as the needle passed from one side to the other. The 
separation was completed without causing the original attachments to be 
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locMexied and the two parts of the cell shrank back to their respective ends, 
4 piling up the contained pigment rodlets. In snoh an operation the nucleated 
fragment was frequently seen to resume internal movement and to expand 
again. 

In five out of seven cutting experiments there was no recovery of movement 
in the non-nucleated fragment which soon degenerated by developing Brownian 
movement of its granules or by coagulating. One of the two remaining coses 
recovered after five minutes only to the extent of slowly extending a short 
paeudopodium from the cut surface. The last case demonstrated without 
any doubt that a non-nucleatcd fragment is capable of resuming internal 
movement and of expanding by forming pseudopodia. Because of its signifi¬ 
cance this is recorded in detail as follows. 

An elongated cell with the nucleus at the proximal end and with active 
internal movement, was carefully cut across close to the nucleus. The long 
non-nucleated portion shrank buck to its attached end. The pigment rodlets, 
at first in a crowded heap and motionless, soon recommenced their individual 
movements and the (cytoplasmic fragment expanded, with the rodlets scurrying 
about in a manner t 3 q)iGal of their normal movements. This non-nucleated 
fragment was wattched for fifteen minutes and it was active during all this 
time. 

The degree of injury induced by tearing the cytoplasm alone depends upon 
the extent of the tear. In a much expanded cell with the cytoplasm reduced 
to a thin film, a puncture in the cytoplasm produced a hole which increased 
in size as the surrounding cytoplasm receded. Intracellular migratory move¬ 
ment of the granules and pigment rodlets ceased for some time. Upon its 
resumption, the hole steadily diminished and disappeared. On the other 
hand, when the cytoplasm is injured by a tearing action of the needle, death 
generally ensues. 

The extremely flattened form of the cells make it difficult to puncture them 
without causing the tip of the microneedle to pass completely through the cell. 
The stretched condition of the cell generally- causes the cytoplasm around the 
site of the puncture to retract and to leave a space which develops a boundary 
about a hole. A simUaT cSect is frequently seen when the nucleus is punctured. 
The peripheral pull of the stretched cell may persist for some minutes before 
oytolysis is completed with the result that a perinuoleor space develops, not 
only from the shrinkage of the injured nucleus but also from the retraction 
of the Borroanding cytoplasm. 

A striking instanoe of this oocumd in a long extended cell, the two ends of 
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which were attached. The nuclear puncture did not cause a release of the 
attached ends. The result was that the hole, which developed in the middle 
of the cell where the nucleus had been, steadily enlarged until, four minutes 
after injury had been initiated, the stretched coagulum was so weakened in 
the region of the hole that the mass parted in two and the two portions then 
contracted toward the attached end. In common with the other types of 
cells studied all internal movement immediately stops when the nucleus is 
punctured. Coagulation granules then appear in the cytoplasm and the cell 
slowly shrinks away from its neighbours leaving the latter unaffected (Plate 37, 
fig. 3). 

In the two cases in which one nucleus of a binucleate cell was punctured, 
the other nucleus also underwent degeneration and the cell died. 

4. Macrophages .—The macrophages are the most actively moving cells 
observed in the cultures. They occur in cultures of any tissue, but are more 
numerous in some than in others. Their mode of attachment in the liquid 
culture medium differs from that of the other c^lls investigated in that most if 
not all of the surface exposed to the glass of the ooverslip is adherent. In 
other cells this adhesion seems to be restricted to the peripheries of their 
extensions. 

Another peculiarity of the macrophage is its reaction to probing with a 
microneedlc. Other cells quickly or slowly retract their expansions and shrink 
away from the glass of the coverslip to which they are attached. The macro¬ 
phage, on the other hand, tends to react to manipulation by expanding still more 
than before. In a typical case a broad lamelliform expansion on the coverslip 
was pushed in at one place by repeated probing until a deep bay resulted along 
the border of the expansion (text-fig. 6). The needle was then removed and 
within a few seconds small lobular pseudopodia began to form at the bottom 
of the bay. The lobules, by filling out and fusing with one another, carried 
the contour of the cell outward until the bay was obliterated. 

Frequently, mechanical stimulation causes an extended hyaline paeudopodium 
to be withdrawn, but this is generally soon followed by the extension of another. 

The macrophage also differs from the other cells in its reaction to nuclear 
puncture. Instead of undergoing shrinkage the cell expands while the centrally 
located granular cytoplasm tends to shrink and by so doing accentuates the 
effect of the expansion of the hyaline periphery. 

Sometimes puncturing the nucleus is followed, a minute later, by the appear¬ 
ance of a pronounced Brownian movement of granules in several areas through¬ 
out the cytoplasm. The intensity of the Brownian movement inoreaaes and 
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the sniface membrane may throir out hyaline, bubbly protruaions wfaioh fuse 
with one another, recede and extend again. The outline of the membrane 
stands out distinctly and the rapidly oscillating granules frequently bump 
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yio, e.^Part of the periphery of a maorophage showliig the effoot of posh in a lamellHom 
expansion of the oytoplaam. (o) Expansion about to be pushed in. (6) Expansion 
pushed in and bay formed in cytoplasm, (e) The formation of lobular pseudopodia at 
the bottom of the bay alter removal of the needle. 

against it without adhering. The membrane of these dying colls is very 
adhesive to glass and can be pulled out in viscid strings on the end of a needle. 

When a protrusion, containing granules in Brownian movement, withdraws 
into the body of the cell the movement slows down and stops as the bulging 



304 


R. Chambers and H. B. Fell. 


ptotnuion is withdrawn. In one recorded case the above changes continued 
for ten minntee after which the cell was tom to pieces with needles. One 
protrusion was tom open and the contained grannies were liberated in the 
surrounding medium where they continued their oscillatory movements. 
Elsewhere the cell had flattened considerably, no movement of the grannies 
was visible and the previously prominent outline of the membrane disappeared. 
The entire mass of the cell remnant was now of a oonsistenoy easily tom with 
needles into viscid, jelly-like, aemi-elastio strands. 

In searching for a binnoleate macrophage, several times what appeared to be 
one turned out to be two contiguous mononucleate cells. When one nucleus 
was punctured the characteristic death changes took place in the one cell 
while the other remained intact. 

Finally, a binucleate cell was encountered and one of the nuclei was punc¬ 
tured. Within three minutes the punctured nucleus became pronouncedly 
granular and sweUed in size. The cell as a whole expanded enormously and the 
second nucleus also granulated. Four minutes after this Ihe cell outline 
began to wrinkle and the peripheral hyaline zones became clouded with the 
appearance of fine granules. Within ten minutes after the puncture of the one 
nucleus the cell had been converted into a loose coagulum containing the 
remains of the two nuclei as two prominent, granular spheres, the punctured 
one twice the aise of the other. The nuclear remnants, on being pulled out into 
the medium, lost their opacity and persisted for some time as jellied, hyaline 
bodies. 

A noteworthy phenomenon is the behaviour of phagocytes in the vicinity 
of any cell which has been injured with needles. The phagocytes move to the 
injured cell and cluster on it. Indeed, in the tearing experiments on tnacxo- 
phages, the nei^bouring phagocytes proved to be a decided nuisance by getting 
in the way of the needles during operations. 

When lor^, cylindroid myoblasts were tdm a localised area of injury could be 
pgrodneed, and the phagocytes were seen to be attracted only to the injured 
region. 

6. SkdeUd MyMatt .—The myoblasts were mostly from two- and three- 
day cultures obtained from the limbs of nine-day chick embryos. Most 
of the myoblasts were long cylinders and averaged about 0 micra in width and 
70 micra in length, and extended from the explant at various angles among 
fibroblasts and macrophages. 

In the liquid medium in which they were cultured the myoblasts appeared 
to be attached only by their two ends. The proximal end is usually firmly 
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embedded in the ezplant and the peripheral end is spread out as a thin sheet 
ituok to the Burfaoe of the ooveralip. When one end is detached the fibre 
shortens and thickens, but maintains its elongated, cylindroid shape. 

Under dark-ground illumination the cytoplasm appears to be filled with 
slender mitochondria more or less longitudinally arranged and mainly in the 
peripheral layer of the cytoplasm. The peripheral arrangement is beat 
developed in the larger fibres. Numerous ovoid nuclei are disposed in groups 
along the central region. The fluid cytoplasm containing the mitochondria 
and nuclei is enclosed within a membrane of a toughness considerably greater 
than any cell-membrane so far encountered in cells of tissue cultures. 

With a lateral push of a needle the myoblasts could be bent and stretched 
considerably without detaching their ends. When released, they immediately 
returned to their original form, indicating a pronounced degree of elasticity. 

The myoblast was found to be surprisingly tough and difficult to tear. 
This is in marked contrast to tlie ease with which the long extended pseudo¬ 
podia of fibroblasts or of pigment epithelial cells could be cut ofl. 

When the surface of a myoblast, in its normal stretched condition, is tom, 
the region about the tear swells and the interior wells out as a jellied mass. 
The tom membrane undergoes degeneration by forming bubbly excrescences 
which soon break down, and the mitochondria granulate. The degeneration 
tends to spread in both directions from the site of injury. During the swelling 
the nuclei iu the afleoted region become distinct as granular spheeniles and 
collect in numbers in the bulging area. The dead, coagulated nuclei could bo 
seised with needles and stretched. 

It is possible to cut completely tlirough a myoblast by pressing on it with 
the side of a cylindrical needle. The cut ends round ofi with little loss of 
the internal cytoplasm, and the two parts of the fibre then retract considerably. 
In several cases, one of the nuclei of au uninjured myoblast was punctured 
with the tip of a fine needle. This caused the cylindroid myoblast to undergo a 
pionoimoed and momentary contraction, followed by a slow and progressive 
degeneration. 

Numerous fibres were punctured with the tip of a fine needle. In some 
oulturea a considerable number of fibres on the same slide responded readily 
to mechanical stimulation. These fibres varied in size. The response could 
be repeated several times on the same fibre, but between the responses there 
was always a refractory period of about ten seconds or more, during which 
pricking or even tearing the fibre called forth no twitching response. 

The twitch which occurs on pricking is a sudden, slight contraction and 
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thiokening of the fibre, followed by a lelazation. Oooftsionally, the oontnctioD 
and thickening is most pronounced about the pricked region, and the following 
lelazation is slower, but usually both reactions are too quick to enable the 
eye to appreciate any localised effect. 

6. Cdls (fibroblatiio) in Mitona.—An early telophase cell can be seised 
by one pole and moved about in the fluid medium without loss of shape, 
suggesting a pronounced stiffness of the cell as a whole. 

In a telophase cell with normally bubbling cytoplasm the cytoplasm and 
the bubbling protrusions can be pierced with impunity. If, however, the 
surface is tom, all movements stop at once and the cell dies. 

In one case a considerable portion of the bubbling cytoplasm at one pole 
was cut off. The main body of the cell ceased movement, but the cut-off 
portion continued to bubble for a minute or so. The continuance of the 
bubbling process when the cell is probed or punctured and the ease with 
which internal Brownian movement is set up when the surface of the cell 
is tom are reminiscent of the behaviour of the soft-bodied macrophages to 
the needle. 

Transmission of injury from one daughter cell to the other was demonstrated 
in a late telophase in which the two daughter cells were connected only by 
a very slender stalk. One cell was punctured, the bubbling increased, but 
within a few seconds the oytuplosmic granules became distinct and movement 
stopped. The other daughter cell coutinued its bubbling movements for 
another minute, when it in turn ceased moving and its gniiiules became distinct 
as it died. 


OetienU Results. 

The consistency of the protoplasm of the different types of cells investigated 
was found to vary, being more fluid in some than in others. All the cells, 
however, give the appearance of a considerable degree of elasticity. Thus, 
if a cell is stretched by two needles it can be made to elongate greatly, and 
when the tension is relaxed the cell tends to retract and thicken. With the 
possible exception of the macrophage, cells growing on a coverslip are in a 
state of considerable tension during life; they are attached to the coverslip 
only by the tips of their pseudopodia which, if detached from the glass, more 
or less rapidly retract into the main body of the cell. Similarly, if the cytoplasm 
of an elongated cell is out in half transversely, the two halves retract from the 
cut. 

There is evidence that the cytoplasm is enclosed in a morphologically 
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definite membrane. If a cell ia probed with a needle, the surface becomes 
indented, and when the needle penetrates the cytoplasm it does so suddenly, 
as if it had passed through a resistant membrane into a softer interior. 

The consistency of the cell membrane varies considerably in the difierent 
types of cells. The stifiest encountered was that of the myoblasts, and the 
softest and most pliable were those of fibroblasts undergoing mitosis and of 
the macrophages. 

A peculiarity of the membrane of the last two mentioned cells is the ease 
with which it is thrown into rounded elevations, which repeatedly rise and 
sink, BO as to give the appearance of a recurrent bubbling of the surface. The 
membrane, under such circumstances, appears to be extremely soft, but 
still offers a certain degree of resistance to probing with the needle. 

Although the interior of the cytoplasm seems to softer than its enveloping 
membrane, it is probably, at least in most cells, somewhat viscid, for movements 
of the needle within the cell frequently create a disturbance of the intracellular 
bodies some distance away. The semi-fluid nature of the cytoplasm is further 
suggested by the fact that the granules and small fat globules within the cell 
do not show typical Brownian movement, but only a faint oscillation, although, 
if liberated into the fluid medium by tearing the cytoplasm, they immediately 
show violent Brownian motion. 

From numerous observations, the impression is gained that the pronounced 
elasticity of the cells is due more to the membrane than to the internal 
cytoplasm. 

The nucleus also appears to possess a definite membrane enclosing a fluid 
or semi-fluid interior. The nuclear surface can be indented by the needle, 
and is BometimeH difficult to puncture, os the nucleus tends to elude the 
needle-point, behaving like a slippery sac. When once tho needle has 
penetrated, the nucleus slowly collapses into a shrivelled mass, leaving around 
it a non-granular space in tlie cytoplasm more or loss representing the boundary 
of the original nuclear urea. 

The deformability of the nucleus is shown by the fact that the ovoid shape, 
which it possesses in a well-spread-out cell, readily changes to that of a sphere 
when the tension is released by loosening the cell from its attachments. 

In agreement with previous work (Piterfi and Olivo, 192S, and Chambers 
and lUnyi, 1926), the nucleus was found to bo very sensitive to injury, and 
in every case in which the nucleus is even sUghtly punctured, tho cell sooner 
or later dies. 

A frequent peculiarity of degenerating macrophages, also noted by P£terfi 



398 


B. Chambers and H. B. Fell. 


(1927), is a considerable expansion of the cell and a bubbling of its suiiace. 
The bubbling reaction was observed also in degenerating fibroblasts. 

The result obtained by puncturing one nuoleua in a binuoleate cell was 
very interesting. As described above, immediately after puncture, the 
injured nucleus begins to crumple and become opaque, death-granules appear 
in the sunounding cytoplasm, intracellular movement stops in that region 
and the pseudopodia nearest the affected nucleus rapidly retract into the 
main body of the cell, while the uninjured nucleus and the cytoplasm in its 
vicinity remain normal. After a few minutes the cell, instead of degenerating 
as in the case of the mononucleate cell after nuclear puncture, begins to recover 
and, except for the presence of the shrivelled punctured nucleus, appears 
normal in structure and behaviour. Such recovery was not observed in all 
the binucleate cells subjected to a single nuclear puncture, for in some cases 
the second nucleus also becomes affected and the entire cell degenerates. 

In agreement with previous work (P4terfi and Olivo, 1925, and Chambers, 
1924), it was found that the cytoplasm is much less susceptible than the 
nucleus to permanent injury. In their usual state, the cells are expanded 
and Ue flat agmnst the coverslip. If a small punotore is made in the cytoplasm, 
the needle posses completely through the cell and a hole results. Intracellular 
movement instantly stops in the immediate neighbourhood of the puncture, 
but after a few minutes the hole gradually closes and intracellular movement 
recommences. 

A drastic tear of the cytoplasm may result in death of the cell (cf. Levi, 
1926). When this occurs, the first sign is a spread of degeneration of the 
cell-membrane. The rest of the sequence of ovonts is similar to that following 
nuclear puncture except that the collapse of the nucleus is considerably 
delayed or may not occur and, instead, there may be a certain degree of 
swelling. It is of interest to note that the nucleus tends to become hyaline 
when it is dragged out of the cell, where it can be stretched and tom like a 
gelatinous body. 

A peculiar condition of the extended and spread out cells in a culture is the 
considerable tension under which they appear to exist. Under this tension 
the nucleus is flattened and the cytoplasm is reduced, in places, to an extremely 
thin sheet. A hole produced by a severe tearing puncture in such a sheet 
progressively increases in size as the material of the cytoplasm recedes. In 
a sheet which is longer than it is broad, e.g., in an extended pseudopodium, the 
enlarging hole may soon reach the lateral borders of the sheet which finally 
breaks through, thus separating the main body of the cell from its peripheral 
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portion. The cytoplasm along the border of the hole develops a membrane 
which is extensible. In some cases the formation of the membrane is not 
quick enough to prevent the disintegration and escape of oytoplasmio granules 
into the fluid filling the hole. Then the granules exhibit Brownian move¬ 
ment. 

In confirmation of the observations of Olivo (1925), it was found that a 
oomparatively large portion of the cytoplasm can be completely amputated 
without causing the death of the nucleated portion of the cell. In such 
experiments on colls spread out on the glass, both parts of the cell shrink back 
from the needle as soon as the incision is made. The nucleated fragment may 
recover completely, so that new pseudopodia arc protruded and intracellular 
movement is renewed. In addition to this, it was also found that the non- 
nucleated fragment may aliow at least temporary recovery by a resumption 
of both internal and psendopodial movement for as long os fifteen minutes 
after the operation. Levi (1926) has described Riniilar survival, and 
persistence of amceboid movement, in the case uf fragments of nerve fibres 
cut ofi from the parent cell by micro-manipulation. 

Experiments in which individual cells are killed by operation demonstrate 
very clearly the important fact already pointed out for fibroblasts (Chambers, 
1924) and for various epithelia (Kredel, 1927) that, in the different cell-types 
investigated, each cell is structurally independent of its neighbours. This 
was found to be true even in cases where the cells were in such intimate con¬ 
tact that no cytoplasmic boundaries could bo distinguished. Thus, if the 
nucleus of a cell forming part of a sheet of epithelium is punctured, the cell 
degenerates as described above. In the course of this degeneration the cyto¬ 
plasm shrinirH from the surrounding cells wliich remain completely unaffected, 
showing no degenerative changes or even a temporary cessation of their normal, 
intracellular movement. 

The only case in which transmission of the effect of injury was observed 
was in a very late telophase stage in wliich the two daughter cells had begun 
to move apart, but were still connw-ted by on attenuated stalk. The degenera¬ 
tion of the punctured cell was followed within one minute by the degeneration 
of the sister cell. 

Our inability to find any evidence of protoplasmic continuity between cells 
in single layered sheets is corroborative of previous work on this point 
(Chombets and Il6nyi, 1925, and Kredel, 1927). Levi (1923) describes a' few 
exceptional cases in which he observed what he considered to be an actual 
passage of ohondrioconts along protoplasmio extensions from one cell into 
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uother in fibroblasts and myoblasts. In pigment epithelial cells we havo 
several times observed what appeared to be a similar phenomenon with 
the pigment rodlets in the cytoplasm. However, by moving the cells 
about and by watching the spread of degeneration after injuring one of 
the cells, we were convinced that the apparent passage of material from cell 
to cell was in reality only an optical effect due to the superposition of the 
extended pseudopodia of one cell over the Ixxly of the other. 

The redaction of the cells to irritation by probing with microneedles brought 
out some points of interest. With the exception of skeletal myoblasts and of 
macrophages the reaction usually is a slow and gradual detachment from the 
covotslip and a iii;raotion of the extended pseudopodia. The macrophage is 
peculiar in its reaction by spreading out instead of retracting. For example, 
when prodded it tends to throw out broad lobate pseudopodia which partially 
envelop the needle. The elongated, cylindroid, skeletal myoblasts react by 
a sudden contraction followed by a relatively slow relaxation. The myoblasts 
which give such typical twitching reactions are devoid of visible cross-striations 
and of typical myofibrillro. Rfinyi and Hogue (1931) rei>ort obtaining by 
mechanical stimulation a quick shortening of outgrowing muscle buds in 
cultures of skeletal muscle from chick embryos 4-10 days old in liocke- 
Lewis medium. A typical relaxation of the buds was not observed. 
Spontaneous rhythmical contractions described by Lewis (1915, 1920), and 
Friedheim (1931), were not observed in the few cultures that we used. 

A frequently observed phenomenon with reference to macrophages was 
their positive reaction at a distance to the presence of cells undergoing cytolysis 
from mechanical injury. This was particularly noticed in cultures containing 
numerous macrophages. As soon as a cell had been tom with needles, be 
it a myoblast or another macrophage, several macrophages, l3nng in the field 
of an oil immersion objective, migrated toward and come into close contact 
with the injured cell within one or two minutes after the injury. 


Summary, 

1. A variety of cells in tissue culture in a liquid medium obtained from a 
mixttiie of embryonic juice and plasma were operated upon under dark-ground 
illumination. 

2. In all the cells studied prodding with the needle indicated the existence 
of a membrane which is stiffer than the enclosed cytoplasm. The elaatioity of 
the cells seems to bo a function primarily of the membrane. The nucleus'is a 
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deformable, ovoid body with a morphologically definite membrane and a fluid 
interior containing no visible structural elements except one or two nucleoli. 

3. In agreement with previous work on other cells, these cells are not 
appreciably affected by repeated puncturing of the cytoplasm. Cytoplasmic 
granules can be pushed about, and mitochondria can bo cut in two without 
any visible degenerative changes. However, a drastic and quick tear of the 
cell membrane causes either a localised or general degeneration of the cell. 

4. The nucleolus in a living nucleus vah be divided in two with a microneedle, 
but the nucleus does not long survive the effect of the puncture. 

5. In agreement with previous work on ova and somatic cells, the nucleus 
was found to be very susceptible to mechanical injury, and when the nucleus 
shows signs of degenerating the effect is transmittc^d to the surrounding 
cytopiasm. In cells in tissue culture, as F6terfi also found, the merest puncture 
of the nucleus always resulted ultimately in degeneration. In a mononucleate 
cell the degeneration gradually spreads imtil the entire coll is involved. In 
a binucleatc cell, puncture of one nuc-Unis resiilts in degenerative changes 
which frequently are restricted to the vicinity of the injurecl nucle\is. In 
some cases the degeneration spreads to the other nucleus and through the 
entire ceil. In several cases, however, there occiurnnl tlic significant reaction 
which demonstrates the effect of the presence of a second nucleus in causing 
a reversal of the degenerative clianges. After several minutes, these visible 
signs of degeneration in the cytoplasm disappear, the cell extends pseudopodia 
afresh, and assumes a typically normal mononucleate appearance, except for 
the presence in the cytoplasm of a diminutive and crumpled, gelatinous 
remnant of the injured nucleus, 

0. The signs of cellular degeneration following c>iJoplasmic tearing or 
nuclear puncture are : (1) retraction of pseudopodia and a gradual detachment 
of the cell from surfaces to which it had been a<lhering. In the case of 
macrophages, this is preceded by a considerable expansion of the cell and 
a peculiar bubbling of its surface; (2) coagulation of the nucleus, preceded, 
in the case of nuclear puncture, by a partial collapse of the nucleus ; (3) the 
appearance of a fine, diffuse granulation of the cytoplasm; (4) conversion 
of the slender mitochondria, if present, into spluBrules; (6) the appearance of 
active Brownian movement in localised regions or throughout the interior 
of the cell; (6) finally, a general shrinkage and collapse of the cell into an 
amorphous coagulated mass. 

The surface membrane of the degenerated cell appears to be a structure 
quite different from the normal membrane of the living cell. The living cell 
membrane imdergoes degeneration by a breaking down of its uniform contour. 
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In the case of degeneration subsequent to tearing, the breakdown of the 
membrane spreads from the site of the injury. 

7. The centrosphere in the fibroblasts probably is of a consistonoy greater 
than that of the surrounding cytoplasm. It can be punctured without change 
in its usual appearance. 

8. Long cylindroid, multinucleated, skeletal myoblasts in cultures derived 
from the limb of a nine-day chick, can be made to twitch repeatedly with a 
refractory period between successive twitches. 

9. Mitotic cells of fibroblasts are very susceptible to injury. Puncturing 
protrusions causes no injury, but a slight tearing action kills the cells. 

10. With the possible exception of macrophages, all the cells studied are 
attached either along their edges to neighbouring cells or along the tips of 
their extended pseudopodia. 

When one cell in a sheet of epithelium is injurfd, the cell shrinks from its 
neighbours, except possibly at a few points. 

11. The effect of injury was never seen to be transmitted from the injured 
cells to its neighbours. The only case of such transmission occurred from 
one daughter cell to the other (kiring the period while the two were still 
connected by an attenuat(Kl protoplasmic stalk. 

12. Macrophages are attracted from a distance to a cell which has been 
recently caused to degenerate through mechanical injury. 

The authors are indebted to the Medical Research Council, by whom the 
expenses of this investigation were defrayed. 
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DBSCRIPnON OF PLAim 

Pi^n 36. 

Fiq. 1.—^The affect of ponoturing o&o nucleus of a binuoleate llbroblast. (a) Cell imme¬ 
diately before punotuie. (6) OoU immediately after punotoie. The pumotand 
nodeiUB has ooUapeed and become opaque and the odjeoent peeudopodhuu boa been 
completely withdrawn; the cytoplasm around the injured nudeus bos become 
clouded with fine diffuse granules. (e)^U four minutes after ponctare. Another 
psendopodium has been partially withdrawnt the punctured nucleus is sUU more 
shrunken and has been carried partly over the uninjured nnoleua which ia quite 
unofleoted. The gronalatUm of the oytoplsam around the ponotored nucleus is begin* 
nhig to disappear, (d) Cell aeventeen minutea after puncture. New pseudopodia 
have been protruded and the oell ia again completely expanded and except that it Is 
now mononucleate, has regained its former appearance. Note the crumpled remnants 
ci the punctured nwleua. 

Plat* 37. 

ffio. 3.—(a) Three cells in a sheet of intestinal epitiieliuin. The oeU boundaries ore 
invisible. l%e nucleus of the middle oell is about to be punetnied. (6) Same oolls 
eight minutes after puncturing the nodeua of the middle oell. The cytoplasm of the 
injured oeU hoa contracted away from that of its two neighboun from which it is 
now separated by a broad gap on either aide and ia only attached by tts tapering eoda. 
Note the shrinkage and grsoolatiOQ of the ponotored nuolsua, the grannlotion of the 
cytoplasm and the beading of the mitoohondria in the injured cell. The two neigh¬ 
bouring colls appear perfectly normaL 

Fto. 8.—^Tbe effect of nuclear puncture on a pigment cpithcUol oelL (o) Immediately 
before punoture. No intercellular boundaries ore dfatingufshable. (6) Ten minitlas 
after puncture. The outline of the injured oell is now dfatingnishoble ondboUi 
nucleus and cytoplasm have shrunk. Note the grannlotioa of the nuoleus. The 
neighboaring cells ore unaffected, (e) Thhiy minutes after punoture. The shrinkage 
of nuoleas and cytoplasm ia still more jwonouDoed in the injured cell but the neigh¬ 
bouring oells remain normal. 


2 Q 


VOL. OIX.—B, 



404 


Address of the President^ Sir Frederick Qowland Hopkins^ at the 
Anniversary Meeting^ November 30, 1931. 

It is right that at our Anmversary Meeting we should have in mind the 
losses that our Fellowship has suffered during the year that has just passed. 
We have to deplore to-day the deaths of no leas than four of our distingmshed 
Foreign Members, together with fourteen Fellows of the Society. 

Albert AnousTS Toussaint Braouet^ of Brussels, was a distinguished 
leader in the science of embryology. He was one of the pupils of van Beneden 
and carried on traditions derived from that master of the subject, though on 
lines of his own. His earlier work dealt chiefly with the morphological facts 
of development, but he later made important contributions to experimental 
embryology. His researches were specially concerned with the early stages of 
development in the amphibia, and his work threw important light upon the 
problem of localisation in the developing egg. His later interests and contri¬ 
butions were conoemed with what may be described os the physiologioal 
iootors and conditions which initiate development. He was elected as a 
Foreign Member of the Royal Society in 1928. 

MARTiinjs Willem Bbijerinok. The exporimoutal researches of this 
(listinguished Dutch biologist covered an extraordinarily wide field; they 
broke much ground that was new, and almost always led to results of 
high importance. He is best known, perhaps, for his discovery that the 
iQO% nodules of papilionaceous plants arc caused by an organism which he 
succeeded in cultivating outside the nodules and called Bacillus radicioola. 
This discovery, and Beijerinok’a own further work on the subject, were of 
fundamental importance in demonstrating and explaining the biological fixation 
of nitrogtm. His researches on other aspects of bacteriological metabolism 
were also of the greatest interest: his studies, for instance, of luminous bacteria, 
of theoligonxtrophilous and oligooarbophilous organisms; of an organism which, 
while liberating nitrogen from nitrates, obtains its energy by oxidising sulphur. 
This is but one example of many investigations all tending to illustrate remark¬ 
able diversities in the metabolism of living cells. His work on tiie mosaic 
disease ot^e tobacco plant first introduced a knowledge of viruses into 
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Western Enrope. Beijerinck was a learned botanist, and almost as well 
qualified as a ohemist. Much of his work indeed was done in fields other 
than those described. It was always illuminating. He became a Foreign 
Member of this Society in 1926. 

Albebt AnBAUAM Miourlson. This highly-gifted physicist is doubtless 
best known fur his share in the classical Michelson-Morley experiments con¬ 
trived to detect any possible efiects of the earth’s rotation upon the velocity 
of light. In his younger days Michelson was instructor in physios and chemistry 
under Admiral Sampson at the American Naval Academy. Liater he studied 
in Berlin and Heidelberg, and also in Faris. On his return to the United 
States in 1883 he held chairs at Cleveland, Ohio, and at the Clark University, 
and finally in 1892 wont to the Chair of Ph^'sica at Chicago. In 1925 he was 
appointed to the first of the Distinguished Bexvico Professorships instituted 
by the last-iTientioned University. It was in Optics that Michelson always 
excelled, and he seems to have been from the first attracted to the study of 
the interference of light, a preference on his part which proved fortunate for 
physical science. In the use of the interferometer ho was a magician. In 
1890 he first suggested that interference methods might be applied to astro¬ 
nomical problems. His grasp of this technique and his sense of its possibilities 
led to groat results, one of which may receive special mention. Eddington 
had made the prediction, for adequate reasons, that a star like Betclgouse must 
have the dimensions of a solar syNtem, and by using data available from his own 
theory of stellar constitution he made an estimate of the probable diameter of 
that star. To the direct mcosurn of the angular dimensions of Betelgeuse 
Michelson’s interferometer was now applied. The capacity of the instrument 
proved equal to expectations and the observers realised that for the first 
time they had been able to measure the angular dimensions of a star. An 
estimate of its distance gave the actual diameter and Eddington’s estimate was 
confirmed. Interferometric methods have doubtless yet many and important 
applications before them. For the study of atomic radiations Michelson 
designed a very successful instrument, the Echelon Spectroscope. The famous 
Michelson-Morley experiment called, of course, for the utmost refinement of 
measurement, and in that art Michelson was supremo. The result formed, as 
we know, the very basis of Relativity. Michelson became one of the Foreign 
Members of this Society in 1902, and was awarded our Copley Medal in 1907. 

Baron Eitasato. Eitasato was one of the greatest among bacteriologista. 
So far book as 1889, his success in obtaining for the first time pure oultures of the 
tetanus bacillus reduced the etiology of that disease to a clear issue, and when 
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in th« nozt year he, conjointlf with Behring, duooverad an antitoxin for 
tetanus in the blood of aninials, ho helped to lay the foundations of semm 
therapy, and prepared a way for saving innumerable lives. In 1894 he 
discovered the bacillus of plague and described with complete accuracy all its 
essential properties. He advanced his science along many other notable lines. 
Eitasato first studied Medicine at Tokyo, and in 188B was sent by the Japanese 
Government to study under Robert Eoch at Berlin, where he was recognised 
as perhaps the most brilliant disciple of that master. After carrying out in 
Germany a great nmnber of high-class researches, he returned to Japan in 1891. 
A few years later the Imperial Japanese Institute for the study of Infectious 
Diseases was founded by the Government, and was under the charge of Eitasato 
for fifteen years. It attained to great success and prestige. For his services 
to science and hiscoimtry Eitasato was, in 1923, ennobled and given the title of 
Baron. He was admitted os a Foreign Member of the Royal Society in 1908. 

Alfred Barnard Basset, a mathematician, was free from the necessity 
of adopting a profession and devoted himself to research. From 1897 
onwards he produced a succession of papers dealing with such subjects as the 
equilibrium of revolving fluids, the theory of elastic plates and shells, the 
variable alow motion of a sphere in a viscous fluid, and with many other aspects 
of applied mathenuitics. His work was distinguished throughout by an 
exceptional command of analytical methods. He was the author of several 
able treatises which at an earlier period were devoted to applied and later to 
pure mathematics. He was elected a Fellow of the Royal Society in 1889, 
and was Vice-President of the Mathematical Society in 1892-93. 

Sir Otto Beit, though not himself engaged in scientific pursuits, was one 
to whose enlightened generosity medicine and its allied sciences owe a great 
debt. In 1909 he established a Foundation as a memorial to his brother, 
Mr. Alfred Beit, and endowed it with a personal gift of nearly a quarter of 
a million sterling. This Foundation supports a number of carefully selected 
research workers, known as Beit Momwial Fellows, whose work during the last 
thirty years has made valuable contributions to many branches of knowledge 
bearing directly or indirectly upon the advance of practical Medicine. Few 
laymen have had such a clear understanding oi the necessity and nature 
of research as Sir Otto Beit possessed, and he took cate that the activities of 
those who benefited .by his generosity should be free from inhibitions due to 
inelastic regulations and requirements. He made other large gifts for the 
furtherance of clinical medicine itself; in jtarticular, for the {uovinott of ade¬ 
quate supplies of radium at the London Hospitals. His setvioas to seianee 
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were recogniaed by the Royal Society in his election to the Fellowship in 
1924. 

Lord Melchutt (Alfred Moritz Moni>) for some yean, and especially 
after the War, was a dominant personality in enterprises which in this country 
have sought to apply science, and especially chemical science, to industiy. 
IJe was a youth when his father, Dr. Ludwig Mond, was developing the 
activities of the great chemical firm of Brunner Mond, so that inheritance and 
early impressions prepared him for success in the later stages of his career. 
For a time he practised at the Bur, and in 1006 entered politics, which long 
occupied most of his time. In 1920, however, he returned to chemical industry, 
in the development of which he played so great a part. He often expressed 
his faith that it is the chemist who will solve the present economic and industrial 
problems of the world. His latest enthusiasm was for the rationalisation of 
industry, and the great combine, “ Imperial Chemical Industries ”, was largely 
an outcome of that enthusiasm. 

Sir Charles Algernon Parsons. It is due to the genius and firm faith of 
Charles Parsons that the steam turbine now produces practically all the 
electricity derived from steam power, and that every fast ship of large sise, 
both naval and mercantile, is driven by steam turbines. This great end was 
attwed slowly and in the face of many difficulties, but the creator of the 
turbine was never stopped by difficulties, even if at first they might seem 
insuperable. Apart from his engineering work. Parsons had wide soientifle 
interests. Inherited from his father, Lord Rosse, was a special concern with 
optical work. He himself devised greatly improved methods for producing 
search-light reflectors, and the Heaton works, an enterprise started by himself 
at Newoastlo-on-Tyne, come to make nearly all the parabolic reflectors pro¬ 
duced in Great Britain. His attempts to make diamonds artificially, though 
unsuccessful, illustrated his courageous spirit and experimental enterprise. He 
believed very firmly in the importance of research in industry, and never grudged 
expenditure upon it. He was the Rumford Medallist in 1902, and in 1928received 
the Copley Medal. He was a great man who served his generation nobly. 

W n.LTAM Cabmichaxl MoIntosb, a marine zoologist, who died at the great 
age of 92, was for many years engaged in studying the invertebrate ffiuna of 
the North Sea. In 1873-74 the Royal Bociety published the first volume of 
his great monograph on British marine annelids. This volume dealt with 
die nemertines, and its great merits received full recognition both in this 
oountzy and abroad. The remaining volumes of tiie monograph, dealing 
with the polychaetes, were unfortunately not published till many years later. 
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And mode less impreaBion. In 1882 Molntoah was appointed to the ohair of 
Natnral History at St. Andrews and was shortly afterwards selected by a 
Royal Commission for the duty of enquiring into the problems raised by the 
introduction of beam trawling and its effect upon the sea fisheries. His 
keen pursuit of this work led to his establishing at 8t, Andrews the first 
marine laboratory in Great Britain. It was a modest establishment^ but 
during its existence it gave opportunities for study to many soologists of 
distinction. McIntosh and his pupils played a large part in the researches 
which showed that all marine food fishes except the herring have pelagic 
floating eggs. The proof of this, and their careful description of eggs and 
larval stages, were of importance in their practical bearings. McIntosh 
received a Royal Medal in 1899. 

James Lobrain Smith, a pathologist, who is best known to students of 
science from his early work with J. S. Haldane on hsemoglobin and its relation 
to carbon monoxide, which led to a practicable method of determining in 
man the volume of the blood and the total quantity of circulating hsemo- 
globin. This method was applied by Lorrain Smith himself to the investiga¬ 
tion of human ansemias and yielded interesting results by showing that in 
pernicious an»mia there is a substantial reduction of hemoglobin, whereas 
in chlorosis there is no such shortage but only a dilution of the blood with 
excess of plasma. In conjunction with Mair he devised two histologioal 
methods of value—^the Nile blue sulphate stain for neutral fats and fatty 
acids, and an improvement in Weigert's method which mode it suitable for 
the demonstration of tissue lipoids. Smith attained to distinction in philo¬ 
sophy in his undergraduate days and he remained perhaps more a philosopher 
than an experimentalist. Nevertheless, on the more technical aspects of his 
subject he did much sound work. He held successively the chairs of patho¬ 
logy at Belfast, Manchester and Edinburgh. 

William Dobinson Halliburtok. Halliburton was, in this country, a 
pioneer in the field of physiological chemistry. If he cannot be said to have 
made fundamental discoveries in that branch of science, he did sound work 
for it at a time when it was largely neglected alike by English physiologists 
and chemists. In later years he turned rather to physiological experimenta¬ 
tion. His work upon the cerebrospinal fluid, published in conjunction with 
W. B. Dixon, reached a high order of merit. HaUiburton was an admirable 
teacher and his stimulating influence upon many pupils during his long tenuie 
of the chair of Physiology at King’s College, Lemdon, was of much service 
alike to physiology and biochemistry. His “ Text Book of Chemical Fhysudogy 
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and Patholog 7 i” publiahed ao isx back as 1901^ was then the only work 
of its kind in English, while other books written by him since, espeoiaOy 
the nineteen suooesBive editions of his Handbook of Physiology," have long 
served in the education of medical students. He became a Fellow of the 
Royal Society in 1891. An unfortunate failure in health removed him from 
active life for nearly nine years before his death. 

Chaalbs Thomas Heycook. Heycock’s work upon metals and their alloys, 
done throughout in conjunction with his lifelong friend, F. H. Neville, and 
lasting for more thati a quarter of a century, was of the utmost scientific 
importance. The first of the conjoint papers was published in 1889, and 
dealt with the depression of the freezing points of metals induced by others 
dissolved therein. Further obsorvations were published in later papers and 
the authors showed that the addition of small amounts of a second metal 
depresses the freezing point of the first to an extent which is directly propor¬ 
tionate to the atomic or molecular weight of the added metal. IlaouIt*s 
law for ordinary solutions was proved to hold for alloys. A method was 
also indicated for calculating the latent heat of fusion of a metal by an 
application of the van’t Uofi equation to the freezing point depression. The 
invention by Calleudar of the platintun resistance pyrometer rendered valuable 
assistance to the researches; the melting points of many metals in the 
pure state wore determined, and later those of mixtures of metals in all 
proportions. The results interpreted by the phase rules of Willard Gibbs and 
Rooseboom were supplemented by the microscopic examination and photo¬ 
graphy of the polished and etched surfaces of the solidified alloys. Heycook. 
like his colleague, was a fine technician, and the work done was of the highest 
degree of aoouraoy. It attracted the interest of the Goldsmiths’ Company, 
who endowed a Readership in Metallurgy at Cambridge, an office which 
Heycook held for twenty years. He was elected to our Fellowship in 1896 
and was awarded the Davy Medal in 1920. 

Herbert Tomunsoe, while Lecturer in Natural Philosophy at Sling’s 
College, London, carried out a scries of researches on the influence of stress 
and strain on the physical properties of matter, on moduli of elasticity for 
example, and on electric conductivity; and also the eficot of magnetisation on 
the elasticity and internal friction of metals. Between the years 1885 and 1894 
he published upwards of forty papers upon such subjects. He was elected a 
Fellow in 1889. 

ABOHiBAnD Babb. Professor Barr was on eminent engineer of groat in¬ 
ventive ability to whom the oountiy was greatly indebted during the War 
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for the prominent part he took in aapplying teohnioal equipmont to the 
fighting seirioen. Manj of hie own invmitionB at this time added much to the 
efflciencT’ of that equipment. One of his first important inventions, worked 
ont in 1888 in conjunction with his then oolleagae, William Stroud, was the 
modem range-finder. In 1906 Barr invented a step-by-step motor for signalling 
electrically from range-finder to gun. In later years other instruments were 
designed and the intricate fire-control system of the modem warship is based 
upon Barr’s enterprises. In 1889 he returned to his own University of Glasgow 
as Regius Professor of civil engineering and mechanics. As the resnlts of his 
efforts the James Watt Engineering Laboratories were opened in the following 
year. So inspiring was his teaching there that his school at Glasgow rapidly 
attained to fame. 

Wai.tkr Ernsst Dixon had an international reputation as a pharmacologist, 
and was a member of the League of Nations Committee on drugs of addiction. 
His sdentifio work covers a wide ground involving many studies of drug 
actions. Outstanding was his work with Brodic upon the bronchial muscles 
and vasomotor nerves of the lung, directed to explain the nature of asthma ; 
and also his studies of the secretion and dreulation of the cerebrospinal fluid. 
Dixon at one time held the chair of Pharmacology at King’s College. He wan 
made Lecturer in his subject at Cambridge in 1909, and ten years later was given 
the office of Reader. 

Sir Thomas Stanton as an engineer was noted for his continuous activity 
in research and for his skill in applying laboratory methods to engineering 
problems. His personal investigations were made in many fields, including, 
for instance, the effect of wind pressures upon structures, the reeistance of 
materials to intermitteat stresses, lubrication, the heat transfer and friction 
between solid surfaces and moving fluids, and the movement of projectiles 
at speeds exceeding the velocity of sound. After holding academic potitions 
at Liverpool and Bristol, he joined iu 1901 the Staff of the National Physical 
Laboratory, where he built up the Engineering Department from begin¬ 
nings to its present eminence. For some years he had also charge of the 
aero-dynamical work of the laboratory. 

Perot Groom, a botanist who did valuable woric on the morphology of 
flowering plaats, but who will perhaps be best remembered by his applieation 
of botaniod knowledge to economic problems. He published many papers 
on timbers and forestry topics, and on the diseases which affect wood in vazioua 
ciren m stanoea. An investigation which was still in progress when he died 
dealt with mfldew as affecting book covers. This was undertaken on beludf 
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of the Public Record Office. He held the chair of the technology of wood» 
and fibres at the Imperial College of Science and Technology. 

Sir Howard Ghubb devoted a long and active life to the design and manu¬ 
facture of astronomical and other optical instruments. To such enterprises 
he applied profound scientific knowledge and instinctive ingenuity. His 
father, Sir Thomas Grubb, who also possessed great skill in the art of lens and 
mirror making, was elected to the Fellowshij) of the Royal Society in 1864. 
Howard Grubb built the 27-inch refractor and three domes for the Vienna 
Observatory between 1878 and 1881, and during subsec^uent years produced 
refractors of large diameters for Cape Town, Oxford, Greenwich, and other 
observatories. During the early nineties he constructed seven 19-inch photo¬ 
graphic refractors for the International Survey of the Heavens, a task which 
presented exceptional technical difficulties. In connexion with all such enter¬ 
prises, many and various advances in technique were due to him. In 1906 he 
invented the submarine periscope which was adopted by the Royal Navy, 
and he made 94 per cent, of these instruments as used in the War. In 
later years he was closely associated in both scientific and commercial 
enterprises with Sir Charles Parsons, upon whose death his own followed so 
closely. 

Sir David Bruce. Major-General Sir David Bruce was one of a relatively 
small band of investigators who, towards the end of the last century, laid 
solid foundations for tropical medicine. His early work upon the etiology of 
Malta fever displayed his high qualities as an investigator and led to the 
praotioal control of a very troublesome disease. Later he investigated the 
diseases known as “ nagana ” and ** tsetse-fly disease.'* These were supposed 
to be distinct, but Bruce demonstrated their identity, both, as he showed, 
being caused by a trypanosome. He then proved that the parasite was 
carried and transmitted by the tsetse-fly. In 1903 he went at the request of 
the Royal Society to study sleeping sickness in Uganda, and did successful 
and important work in making clear its etiology. 

Before turning to other matters, 1 cannot refrain from making regretful 
reference to the illness of our Assistant Secretary, Mr, P, A. Towle. All 
our Fellows who have had contact with him, or have sought his help in any 
way, will have recognised the qualitiee that have made him an admirable 
permanent official of the Society. He has taken great personal pride in its 
activities, always being careful, where it lay in his power, to protect its interests 
and its prestige. To the Offiem his organising al^ty and his grasp of detail 
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have been invaloable. One of his recent tasks, very thoroughly carried out» 
was the preparation of the new catalogue of the portraits in the possession of 
the Society. All will most sinoeiely hope that Mr. Towle’s health may bo 
re-established. Mr. K. Winckworth now holds the position of Acting 
Assistant Secretary. 

In reviewing briefly the activities of the Society during the year, 1 will 
first refer to the disposal of our Trust Funds. Lord Bntheirf<nd, in his 
Address last year, discussed the reasons for the Council's recent policy in 
respect of these. A period of conservative treatment of the Funds, justified 
at the time, had led .to an accumulation of capital, and, as stated in its 
Report of last year, the Council, upon consideration, decided that the time had 
arrived when the holdings entrusted to the Society should be freely expended, 
in accordance with the donors’ intentions, upon the active support of current 
researches of fundamental importance. Lord Rutherford described the progress 
of that policy up to the date of his last Address. This year’s Council, as I 
shall immediately point out, has continued to apply it. That it is justified few, 
if any, will deny; its results will, I think, prove its wisdom. It should be 
fully understood, however, that the Society has no longer considerable balances 
of unallotted income in its hands ; not even in its major trusts, such as the 
Messel and Mond Funds. I am sure, however, that the desire of the Society 
to do all that is financially possible for the support of individual research 
nevertheless remains. 

The Council has this year made the following grants: From the Messd Funi : 
£800 a year for five years to Dr. Honor B. Fell, of the Strangeways Beseatoh 
Laboratory, for the support of her valuable work on Tissue Culture; also 
£160 for the current year, and, after the termination of his 1861 Exhibition 
Sohdaiship, £600 a year for two years to Dr. M. L. Oliphant, of the Cavendish 
Laboratory. From the CaM Fund: £2,200 to Professor 0. W. Richardson 
for the purchase of optical apparatus of hi{^ resolving power. From the 
Donation Fund: £400 to Dr. L. S. B. Leakey towards the cost of his East 
African Aicbssological Expedition. From the Danoin Fund: £600 a year foe 
four years to Mr. C. S. Elton for research on wild vole populations, together 
with an additional grant of £260 for capital outlay and field equipment. 

I may remark here that Dr. Adler’s reseatoheB on Kala-asar in Medi¬ 
terranean countries, mentioned in Council’s Report last year, continue to 
receive support from the Anosymous Bequest Fund. 

During the year the Society has received three bequests—one of £10,000 
from Sir Otto Beit, a second of £3,000 from the estate of Dr. A. Muiriiead, and 
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a third of £276 from that of Dr. 0. W. Andrews. These bequests were left 
without restrictions, and have been added to the General Fond. 

It is satiafaotory to be able to report that, arrangements with the University 
of Cambridge being complete, the Oryogenio and Magnetic Beeearoh Laboratory 
referred to in last year’s Address will now come into being as the “ Royal 
Society Mond Laboratory.” This title secures recognition of the oiroumstanoe 
that the Society was able to forward the enterprise through its possession of 
Dr. Lad¥dg Mond’s benefaction. Further details of the arrangements will 
be found in Council’s report. 

The conditions under which g^rants have been made to individuals for the 
purchase of valuable apparatus have hitherto been inadequately defined. 
Council has been wise, I think, in deciding that the use of such apparatus shall 
be under the control of a ” Scientific Apparatus Committee,” in which will be 
merged the committee which now controls the Society’s store of radium. 
The applicant for whom such valuable apparatus is originally purchased will 
not be regarded as having a vested interest in it beyond the first full year after 
delivery. 

I do not need to remind you that at the Special General Meeting of Fellows, 
hold at the close of last year, it was decided not to request the Council to alter 
their decision to modify Statute 6. This statute now so reads as to allow the 
Council to nominate seventeen candidates annually for election to the Fellow* 
ship, and, as you arc aware, seventeen new Fellows were duly elected in 
May last. I believe that those of you who have oared to give further thought 
to the matter during the mouths which have since passed, will, whatever your 
first reaction, have become convinced of the wisdom of this essentially con¬ 
servative change in our Statutes. There can be no question from what was 
said at the General Meeting that the Fellows in general desire that the Council 
should henceforth exercise its statutory power of nomination with greater 
freedom and over a wider range than has been their custom of late years. 
More difficult to estimate was opinion concerning the direction of such inoxeose 
in range. If there be differences of opinion on this point, I would like to state 
my profound conviction that so great is the sense of responsibility felt and 
displayed by every member of each successive Council when nominations are 
the issue, that the interests of the Society itself, like those of every individual 
candidate, will continue to be safeguarded. In my opinion no real conflict 
between collective interests and individual claims can ever arise. 

I may now be allowed to follow custom and say a few words concerning 
current scientific progress. My distinguished predecessor, as was natural and 
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proper, dealt in miocemve Addreaaes with aapects of phynool soienoe. It » 
for me to turn your attention to biological matten. 

Prominent to-day is a call for trained biologists in the economic sphere. 
They are urgently required for the service of the Empire. A little while ago 
it was somewhat suddenly realised by administrators that for the successful 
development of some of our most promising Colonies, and indeed for 
solution of not a few economic problems at home, the practical application of 
a sound biological knowledge had become essential. In many wide districts 
of the Empire ubiquitous parasites in their legions hold sway over human 
destiny, and in some districts these diverse legions form the only factor limit¬ 
ing economic progress. The application and the development of biologioal 
knowledge can alone solve the problems that thus arise. Tropical climates 
indeed present many other environmental problems distinct from the example 
mentioned which call for the aid of biological science. There arc to-day indeed 
still great opportunities for the aystematist, the ecologist, the economic entomo¬ 
logist, and for field naturalists in general to apply their knowledge in this 
service. 

It is however of the progress of experimental biology, more closely defined, 
that I wish in particular to speak. Although at least one generation of 
investigators has been busy in applying the method of controlled experiment 
to the analysis of living organisms, yet relatively at least the method is new to 
biology, and there are still those who for one reason or another mistrust its 
application. Tou are doubtless familiar with the philosophic attitude of 
which we have heard a gooil deal of late, and which in some quarters has 
achieved the name of Holism. Most of its implications are doubtless meta¬ 
physical, but it is apt to involve explicitly or implicitly a distrust of all attempts 
to study a living organism otherwise than in its integrity. Apart from those 
who are obsessed by this holistic philosophy, there are still professed biologists 
whose minds, being adjusted to morphological and descriptive studies, or to the 
study of behaviour in the organism as a whole, are out of sympathy witii the 
analytical methods of experiment. 

I think, however, it is not going too far to claim that recent progress in 
experimental biology, though to a superficial view less impressive, has been 
not less significant, and indeed not less revolutionary than the progress of 
modem physios. I might support this olaim in many ways. It is, I think, 
justified in that region of knowledge where cytology and genetioal studies meet 
together. It is now, of course, some years since the reaping of significant facts 
from this field began, but the harvesting actively continues and the store is 
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growing rapidly. That uiherited ohaiactais as displayed by plant or a-ttimft i 
ore transmitted as particulate factors, segregated in one generation and 
regrouped in the next—inheritance being, so to speak, atomic— hAJi become 
oommon knowledge since the first rediscovery of the work of Mendel. That 
each factor or gene so inherited has an objective determinant which can be 
seen and identified as a material unit of structure in germ or sperm is also, 
1 think, well known. That the progressive behaviour and the interactions of 
such units of structure can be followed during development; that the presence 
or absence of certain among them determines sex ; that the reason why certain 
ebaraoters are always inherited together as a group, while others may be 
segregated, is because their material determinants in the egg cell oro in the 
former case visibly associated, while separate in the latter—such facts as these 
are perhaps familiar to the majority. My purpose in this reference is to 
emphasise the rapid growth which is to-day proceeding in this domain, and the 
significance of the facts which are being won on strictly experimental lines. 
The progress and the significance have become the greater since it was recognised 
that the material imita I have mentioned—the chromosomes and sub-divisions 
of ohiomosomea—are determinants ” rather than carriers ” of genetic 
factors. It is from complex interactions of these factors with the sum total of 
their environment the final issues arise ; but this concession to Holism detracts 
nothing from the significance of the experimental results. Their siguificanoe is 
perhaps best illustrated in this, that from the chromosome map as seen in the 
germ cell the display of inherited characters in the final organism may be 
predicted. 

Unfortunately, time will not allow me to illustrate by details the progress 
I have claimed. I myself, indeed, have enjoyed no personal contact with 
the converging lines of reseorcli which have led to the present fascinating 
outlook in this region of science. I know enough of them, however, to wish 
that the facts which they have won and the methods they have used might be 
widely known among those whose own researches are not concerned with 
biological problems. They Ulustrate so well for other experimentalists what is 
pflpnliar in the aims, needs and methods and, I would add, the triumphs of 
experimental biology. One recalls the brilliant Gioonian Lecture delivered 
by Profeasor T. H. Morgan in 1922 entitled ** The Mechanism of Heredity.” 
Here fundamental facts will be found and predictions of that future progress 
upon the occurrence of which I have insisted. 

This domain of disinterested science is making many practical contacts. 
To mention but a single recent instance: Professor B. C. Punnett, one of 
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the original discoverers of the phenomenon of sex-linkage in inheritance, by 
applying his expert knowledge of that phenomenon, has produced what may 
be called a synthetic fowl, of which the qualities are such as to make it of 
extreme value to the now highly important industry of poultry breeding and 
egg production. The bearing of the same body of knowledge upon human 
afEairs has been recently very ably discussed by Professor L. T. Hogben. 

The phenomena of heredity were long the stronghold of those who cling to 
the obficurantism of vitalistio doctrines. Infinitely complex as of course they 
are, we have now abundant proof that they are susceptible to analysu, and 
that to-day they are yielding their secrets to well-controlled experimental 
studies. The results of these are becoming quantitative and are even yielding 
material for mathematical treatment, as the interesting writings of Dr. B. A. 
Fisher and Pn)fessor J. fi. 8. Haldane have shown. 

Another region in which accurate experimentation has removed, and is 
continuing to remove, inhibitions due to obscurantist assumptions is the 
physiology of the nervous system of vertebrates. It is, perhaps, too late in 
the day to refer to the work of Pavlov upon conditioned reflexes, though it is 
justifiable to emphasiBe its still growing influence upon thought. The work is 
a supreme proof of the success of the experimental method in analysing even 
such apparently transcendental phenomena as those which underlie the 
higher functions of the brain. This it has done without need of reference to 
psychical reactions, concerning which, os Sir Charles Sherrmgton remarked 
in one of his Addresses from the Chair, it affirms nothing and denies nothing. 
The nature of the transmission of events in the nervous system is receiving 
much illumination from the work of each of oui Foulorton Professors. Professor 
Adrian, having developed a most admirable experimental technique for the 
purpose, is studying the nerve impulse and its origin with highly profitable 
results. He and his colleagues are now able, with great gain, to work with 
single nerve fibres and single isolated end organs. The apparatus for recording 
the transmitted potential changes in these has attained to great perfection. It 
involves valve amplification, and, when desirable, the conversion of the electric 
discharges into sound waves by a second power amplifier and a bud speaker. 
High frequency potential changes are recorded by means of the strildnj^y 
efficient oeoillagraph designed by Professor Adrian’s coUeague, Mr, Bryan 
Matthews. 

A striking cuoumstanoe, brought to light by Adrian’s work and that of his 
colleagues, is that the nervous structures so far examined exhibit such physioal 
regularity in their behaviour that results can often be predicted within about 
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1 per cent. His experimentfl on animals have shown how the phenomenon 
of grading in the contraction of muscles is controlled hj the frequency of 
impulses sent out from the central nervous system, and by the number of 
nerve and muscle fibres involved. Moreover, he has been able to observe the 
activity of a single nerve cell in his own spinal cord by needle electrodes 
placed in his muscles, and finds that human voluntary contractionB are 
regulated in exactly the same way. 

Further, Adrian has found that slow ])otential changes occur in nerve cella 
and that these are connected with their discharge of impulses; so far this 
work only extends to isolated nerve ganglia from insects and to nerve cells 
in the brain stems of fish, but the phenomena he has found are extremely 
significant, and it seems possible that changes of potential may be of funda¬ 
mental importance in the activity of nerve cells. 

Adrian has found that damaged nerve fibres set up impulses at very high 
frequencies and these x>erhapa play an important part in sensations of pain, 
though his more recent work has made it clear that impulses in the smaller 
slowly conducting nerve fibres must also be concerned in the physical mecha¬ 
nism responsible for pain. A most striking feature of all this work is the 
general similarity of behaviour of nervous structures, from whatever animal 
they may be taken. A ganglion cell in a caterpillar (I quote Dr. Matthews) 
seems to work on tlie same general principles as a nerve cell in Adrian’s spinal 
cord. Nature seems to have hit on sound principles for nervous structures 
very early in evolution, and to have gone forward to more and more complex 
arrangements helped by the adequacy and efficiency of these principlea. 

Our Senior Foulerton Professor is studying the nerve impulse from the 
standpoint of the thermal phenomena which accompany it. So small, of 
course, is the heat production in the nerve that its measurement, Uke that of 
the potential changes, caUs for great refinements. Professor A. V. Hill has 
conquered the difficulties involved and is revealing to us the magnitude and 
time relations of the heat discharges involved. It is becoming clear, though 
W6 do not yet know the details of its nature, that the nerve impulse consists of 
a transmitted physico-oheimoal event, probably involving changes of ionic 
concentrations at membranes with consequential changes of electric potential; 
the whole cyde of events, comprising activity and recovery in the nerve, 
being supported by the energy derived from metabolic oxidative ptooesses 
which, very small in scale, are associated with the cycle. 

When we hope for an increase in our knowledge of the nervous system, we 
are always accustomed to look to researches from the laboratory of Sir Cbarles 
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Shenington. F^raaal of our B Prooeedingg during the last year will show 
that such help is still forthcoming in abundant measure. To the results 
published in the most recent papers from Oxford^ those for instance by 
Professor Sherrington and J. C. Ecdes, I may make the briefest reference. 
An extended study of reflexes has shown that the centripetal impulses do not 
pass straight through the spinal cord, but at central stations in the cord they 
are transformed into an enduring excitatory state which may in turn set up 
fresh nerve impulses yielding the reflex dischaiges. The nature of this central 
excitatory state is being studied by ingenious experimentation. The important 
results will link up» 1 think, with some of Adrian’s observations. 

I cannot refrain from mentioning here a recent research which forms a link 
between my discussion of tbe nerve impulse and the chemical considerations 
that I want next to put before you. It has long been suspected, though not 
proved, that when a sympathetic nerve is stimulated adrenaline is liberated at 
the nerve ending, and that the observed effects are immediately due to the 
action of that substance. Now our Secretary, Dr. Dale, in conjunction with a 
member of bis staff, Dr. Gaddum, has investigated the case of the para¬ 
sympathetic nerves, the influence of which in general opposes that of the 
sympathetic group, and bad obtained good evidence that when one of these is 
stimulated the substance aoetyl-oholino, previously existing in some inactive 
form, is liberated at the nerve ending. The action of acetyl-choline, when 
injected into the circulation, resembles in general the effect of stimulating 
parasympathetic nerves, and there is every reason to believe that the physio¬ 
logical activity of the substance, rather than the transmitted physical impulse 
itself, is immediately responsible for the observed effects of stimulation. I 
may say that Otto Loewi, of Graz, has shown that when the heart beat is 
inhibited by vagus stimulation, a substance resembling acetyl-choline in all 
its known properties is actually formed in the organ, and acetyl-choline, when 
artificially injected, is known to produce effects like that of the vagus. 

In rather unexpected oiroumBtances we have thus brought before us an 
example of specific physiological effects duo to the influence of the specific 
structure of an organic molecule. Such effects and such relations ore being 
demonstrated in increasing diversity as fundamental factors of organisation 
in the animal body. This is illustrated most strikingly, of course, in the 
domain of the control of its activities by a group of hormones. We find in 
the oases of adrenaline and thyroxin, the constitution of each of which is 
accurately known, widely difterent influences depending on differences of 
mbloeular structure. The number of known hormones is now increasing and with 
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regard to those which control the sexual and rejmductive cycles, illuminating 
knowledge is increasing fast. I will only mention the hormonic system which 
correlates the activities of the pituitary, the ovum, and the uterus. In referring 
to this remarkable cose of organisation by means of circulating chemical 
agencies, it is a pleasure to note how important have been the contributions 
to the subject which have come from Dr. A. S. Parkes, who is at present 
working as our Foulerton Research Student. 

I may logically pass from a consideration of hormones to devote a few words 
to vitamins. Although, unlike the hormones, these are of exogenous origin, 
their activities in the body arc equally potent and their functions in general as 
indispensable. The number of known vitamins has grown to seven or eight 
and the study of their functions has become a complex matter. At the same 
time, nobody who is in contact with the evidence doubts the reality and 
indispensability of these several functions. It is highly satisfactory to know 
that we are now within measurable distanci’^ of knowing the ohemical structure 
of two of these substances. 

Wo now possess proof that vitamin A is closely related to the carotonea 
and this knowledge may well load, without long delay, to the artidcial synthesis 
of the vitamin itself. With respect to vitamin D it seems probable, if not 
yet quite certain, that its artificial production is already accomplished. 
Some four years ago the constituent of aiiimal and vegetable substaucea^ 
which is converted into the antirachitic vitamin D by ultra-violet radiation, 
was identified as ergosterol by Rosenheim and Webster at the National Institute 
for Medical Research, and concurrently by Windaus in Gottingen. A team of 
workers at the National Institute, led by Dr. R. B. Bourdillon, appear now to 
have arrived at the next stage, of isolating the vitamin itself, in crystalline 
form, from the mixed products of irradiation ; and Professor Windaus, follow¬ 
ing with bis co-workors a dificrent route, has again arrived simultaneously 
at the same goal. There is no doubt that the substance which the British 
group now term ** calciferol,” and which they liuve isolated as a dinitrobenxoate 
from the mixed product, is identical with the ** Vitamin D, ” which Windaus 
and Lmsert have obtained by a different method ; and there u little doubt that 
this substance, as obtained in either laboratory, is the essential vitamin D 
in a state of practical parity. It appears to bo an isomer of ergosterol. 
One milligramme of calciferol has an antirachitic activity ocoxesponding to 
about 40,000 of the newly accepted international units. 

Such progress in the chemistry of vitamins cannot but be highly satisfiuitory 
to all those (and their name is now legion) who have been engaged upon the 
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rtody of their nutritional functions. Onr ignorance of their chemistry and the 
fllttiin that they function in such infinitesimal amounts left, at any rate till 
reoently, in the minds of many who have not been in toudh with the evidenoe 
some scepticism as to their real importance. Any disbelief in the signifioanoe 
of this field of inTestigation is, however, fated to disappear, and I venture to 
predict that in quite other fields discriminative studies of animal nutrition 
are yet to yield unexpected results of much practical importance. 

Before I close I would like to refer for a moment to a certain aspect of the 
chemical dynamics of living cells, concerning which progressive studies have 
been made during the last few years. The cell is, of course, a seat of catalysed 
chemical reactions and would seem to possess a multitude of catalysts each 
highly specific in the influence it exerts. In the case of reductions and oxida¬ 
tions, however, though these events, like others, are specifically controlled, there 
are other agencies of less specific activity which promote the final stages of 
oxidation. Of great interest among these are certain combinations of metallio 
iron with pyrrol groupings. One such compound is concerned, possibly with 
the intervention of yet another, in bringing molecular oxygen into the field of 
activity. What, however, is specially interesting about these associations of 
pyrrol groupings with a metal is the wide extent of their biological functions. 
We have long known, of course, of the presence of one such association in the 
chlorophyll molecule, where it functions as part of the trap for solar energy, 
and we have been long familiar with the presence of another in htamo^obin, 
where its function is to hold oxygen during its transference from the lungs of 
vertebrates to their tissues. Further, we now know that, within the tissues, 
two others promote oxidation, and yet a third prevents by its presence any 
deleterious accumulations of hydrogen peroxide. For adjustment to each 
separate function there is some slight modification of a fundamental structure. 
Compounds of the type in question are found in many of the lower organisms, 
and I am here led to refer to what was said earlier when nerve activity was under 
discussion. Just as Nature seems to have hit upon sound principles for nerve 
structure early in evolution, so she seems to have satisfactorily ohosen, very 
early, the chemical materials for life. This same suggestion is carried by all 
the more important constituents of living stuff; fundamentally the same 
throughout, yet always with minor differences underlying spedfic mor|diO' 
logical differences. Each of these aspects, the likeness and the unlikeness, 
has its own interest. 

To return to cell dynamics. Einowledge of euqrmio catalysts which, with 
highly speoifio relations, activate in a certain sense the molecules which are to 
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suffer oxidatioii, is almost daily accumulating. It is because this specific 
activatioii must procede ozidation that the indiflcrimiiiate action of oxygen 
on the living cell is prevented. Although an understanding of the oomplez 
organiaation of chemical events in the living unit is far beyond our present 
powers we are, I think, beginning to see what kind of o^anisation it may be. 

One last word, however. Wo have assumed that the living cells, the units 
we have best known, are tho ultimate units in biology. But of late years the 
A^ruses have forced themselves into our thoughts. Potent agencies, responsible 
for fell diseases ; small enough to be outside the range of ordinary microscopic 
vision, yet in some limited sense at least, capable of self-reproduction. What 
are ViruBes ? Do they merely simulate some of the properties of the living ? 
Can we conceive of thein as something between the non-living and the living 1 
Are they alive We do not yet know. Research upon them is at any rate 
intensely active at the moment. Its results may make it necessary to modify 
some fundamental biological concepts, and indeed be as revolutionary in its 
effects as the breaking up of the atom. 


Statement of Award of Medals^ 1931. 

The Copley Medal is awarded to Sir Arthur Schuster. 

Sir Arthur Schuster was the first to show the important information to be got 
by measuring quantitatively tho magnetic deflection of cathode rays. He 
showed how, by combining tliis measurement with the potential difference 
which generates the rays, it was theoretically possible to determine without 
ambiguity the velocity, and the ratio of charge to mass, of the particles 
constituting the corpuscular stream. The theory of the method, aa he laid it 
down, is exa<itly that which has stood the test of time. He was less 
successful in his own experiments in the application of it mainly owing to 
leaving attached too much importance to tho possible action of residual gas 
in depriving the particles of their full velocity. Nevertheless the steps he 
took were a fundamental contribution to the line of work which afterwards 
led to the discovery of the electron. 

We owe to him other almost equally fundamental contributions to the study 
of electric discharge in gases. Thus, he showed that the passage of a luminous 
discharge put the gas temporarily into a conducting state, due to the presence 
of charged ions ; these ions were able to diffuse into a space screened from the 
discbaige by a wire gauze partition, and they could then be put into evidence 
by showing the conductivity of the gas under electromotive forces of a fraction 
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of a volt. The importanoe of work like this at a time when ionising mdiations 
were still unknown needs no emphasis. 

Schuster was the first to show by experiment that in Crookes' radiometer the 
reaction was not on the sun but on the glass case of the instrument, thereby 
connecting the action with the residual gas. 

He has mode many important contributions to terrestrial magnetism. In 
spectroscopy he formulated independently the Rydborg-Schuster law. He 
invented the periodogram method of looking for periodicities in statistical 
material. “ The periodogram," he says, " supplies by calculation the trans¬ 
formation which the spectroscope instrumentally impresses on a luminous 
disturbance." The method has been widely adopted by workers in many 
branches of enquiry, extending even into economics. 

Sir Arthur Schuster’s long and valuable services to the Society can never be 
forgotten. 

A Royal Medal is awarded to Sir Richard Qlozebrook. 

For fifty years Sir Richard Glazobrook has been closely identified with 
research on physical standards, and particularly electrical standards. For 
many years he conducted researches associated with the absolute measurement 
of resistance, current and inductance, and the results of this work, together 
with his continued interest, is reflected in the present remarkable accuracy of 
electrical measurements. The name of Sir Richard Glazobrook is also world- 
known on account of bis Directorship of the National Physical Laboratory, 
in the orgauisatiun and development of which he was from the first the active 
leader; it is largely due to his influence on the researches at that Institution 
that aeronautical science has made such vast progress. Physical science is 
also indebted to him for that great work, the " Dictionary of Physics,” and 
in international science he has played a conspicuous port. 

A Royal Medal is awarded to Professor William Henry Lang. 

Dr. Lang’s work on the fossils of the Old Red Sandstone is of high scientific 
importance. It has led to the discovery and description of a new and 
unexpected group of plants in which root, stem, and leaf are not difleientiated. 
For the first time it thus becomes possible to trace in a circumscribed group 
the probable origin of these structures from a source in which they did not 
exist as distiuot members. 

The woric was begun in collaboration with the late Dr. Kidston, and o(m- 
tinued by Profeesor Lang after the death of his colleague in 1924. Ftofessor 
Lang’s previous intensive studies on the morphology of the liverworts and 



AnMMfrmty Address by Sir F. Gowland Hopkins. 42 S 

Fetna—in itself a valuable contribution to our knowledge of plant moiplKdogy 
in genera]^ and to the supply of a clearer conception of the interrelationships of 
the m a in groups—had eminently fitted him to provide a morphological view¬ 
point which has given most important results. 

The Davy Medal is awarded to Professor Arthur Lapworth, 

Professor Arthur Lapworth’s work has been largely concerned with the 
application of physical methods to the investigation of the reactions of organic 
ohemiatiy. His researches are distinguished by the simplicity and eleganoe of 
the experimental methods which he has employed, and by the insight which 
he has shown in elucidating the mechanism of chemical change in carbon 
compounds. His investigations have contributed notably to the deeper 
understanding of the processes concerned in the chemical reactions of organic 
compounds. 

His study of the bromination of acetone yielded results of primary 
importance in relation to the reactivity of carbonyl compounds and baa 
formed the basis of many subsequent investigations. 

His researches on the addition of hydroc 3 ranic acid to organic compounds, 
besides leading to results of theoretical and synthetical importance, made 
dear the mechanism of the formation of oyanhydrins. 

His investigations of the effect of small quantities of water in diminishing 
the aotivify of acids in alcoholic solution indicated the existence of the 
oxonium ion, and added considerably to our knowledge of catalysis by acids. 

Among his more notable synthetical achievements are the synthesiB of 
singerono, derived from the pungent principle of ginger, and of homooamphor. 

His work on the mutual influence of groups in the same molecule, his 
recognition of induced alternate polarity, and his classification of reagents as 
anionoid or kationoid have played an important part in the development of 
the present state of knowledge of the reactivity of organic compounds. 

The Sylvester Medal is awarded to Professor Edmund Taylor Whittaker. 

Professor E. T, Whittaker is one of the best known of British mathematicians, 
his work showing extraordinary versatility. He has written five books, on 
entirely difierent subjects, and some 60-60 papers which touch on almost 
every branch of mathematics. His book Modem Analysis ” (now Whittaker 
and Watson) is a standard treatise in its 6th edition; his “ Analytical 
Dynamics '* and his tract on “ Optical Instruments ” have both been trans¬ 
lated into German; and he has also written a “ History of the Theories of 
Aether and Electricity,” and a ” Calculus of Observations.” All these Y^orks 
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show, besides their more technical qualities, powers of arrangement and 
exposition of a most unusual order; and the “ Modem Analysis " in this 
country, and the “ Analytical Djmamios ” both in this country and abroad, 
have had a considerable influence on mathematical thought. 

It is only possible to mention a few of Whittaker’s original contributions 
to knowledge (beyond the considerable number absorbed in his books). He 
has made important additions to the theory of the solution of differential 
equations, ordinary and partial, by definite integrals ; to the theory of Iiam4 
and Mathieu functions, the functions of the elliptic and parabolic cylinders, 
and the integral equations associated with them ; to the theory of interpola¬ 
tion ; and to the theory of the solution of dynamical problems by trigono¬ 
metrical series. He has also in recent years made a number of interesting 
contributions to the pure mathematics of relativity, electromagnetism and 
quantum theory. 

The Hughes Medal is awarded to Professor William Lawrence Bragg. 

Professor W. L. Bragg’s recognition of the foot that the Laue diffraction 
spectra could be considered as produced by reflection from the planes of the 
crystal lattice, besides being a great simplification of a difficult geometrioal 
problem, was the starting-point of two important and fruitful lines of physical 
investigation, namely, the measurement of X-ray wave-lengths and the 
elucidation of crystal stracture. Work on the first of these led to Moseley’s 
discoveries and their subsequent developments. Bragg’s concentration on the 
second has resulted in a wonderful extension of our knowledge of the structure 
of crystals, both simple and complex, and of inter-atomic distances and 
linkages. His work may truly be said to have laid the foundations of a 
chemistry of the solid state. 
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Effect of X’-ray SlerUisaiion on (Esirus in the Ferret. 

By A. S. Fabkes (Foulerton Student of the Royal Society), I. W. Rowlands, 
and F. W. Rookbs Bbambkll. 

(Communioated by Profensor C. Lovati Evane, F.R.S.—Received October 8,1931.) 

(From the Department of Physiology and Bioohemistry, Univenity Oollege^ London, and 
the Department of Zoology, Univenity College, Bangor.) 

[Plat* 38.] 

I. Inlraduction. 

Complete obliteration of the Graahaii follicloj^ in the mouse by cz|)0sur6 
to X-rays does not suppress the osetrous changes in the uterus and vagma 
(Parkes, 1926-27 ; Brambell, Fielduig and Parkos, 1927-28 ; Schugt, 1928; 
Geller, 1930). It is evident, therefore, that in this animal the actual elabora¬ 
tion of oBstrin is not dependent upon the presence of the follicular system. 
SimilRT results have boon reported on the rat (Ford and Drips, 1929). In 
the guinea-pig, on the contrary, Qenther (1931) finds that the uterine and 
vaginal changes invariably cease after total obliteration of the follicles. Such 
of her irradJattKl animals as showed oestrus all possessed at least one large 
foUiole. 

In view of the variation in mammalian ovaries, a species difference in the 
response to X-irradiation might weU be expected ; in order to investigate this 
point, experiments were begun two years ago on an animal with a type 
of ovary and cycle distinct from that of the mouse, i.s,, the ferret. The 
results are <lescribed below. 

II . Technique. 

iTTodMJbion .—^The intensity of the irradiation was the same os that used for 
mice (Parkes, 1026-27). The whole body was irradiated. An exposure of 
80 miautes, the largest dose used for the mice, was foimd not to disturb the 
general ooudition of adult ferrets, but young animals were much more sensitive. 
One litter of six fexnalea given 80 minutes’ exposure at 11 days old all died 
within 17 days. Another of three females given two 80 minutes’ exposures, 
at 2Sand at29 days old, all died within 14 days after the second dose. In both 
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groups numerous lesions of the viscera were found on post-mortem examination. 
Because of this mortality, the length of one exposure for immature animals was 
reduced to 20 minutes. Adult animals were, however, found moat suitable, 
several receiving four 80 miuutes’ doses in 3 weeks without any noticeable ill 
efiect. Irradiation was carried out during the ancestrous period. Oates are 
given where relevant to show the relation to the breeding season. 

Detection of OSstrue, etc, —The normal reproduction processes of the ferret 
have boon described by Marsball (1904) and by Hammond and Marshall 
(1930). The animal is notable for having a definitely restricted breeding 
season, lasting from March to the cud of July. Ovulation takes place only 
after copulation, and (Bstrus, persistent for some months in the absence of 
copulation, is characterised by great swelling of the vulva. The enlargement 
disappears completely during pregnancy, lactation and anmstrus. Tracings 
of the swelling were made on glass as recommended by Marshall, and vaginal 
smears were also taken. 

Histological TecAntfue.--Bouin’s fixative was used os a routine. Complete 
serial sections (7 [a), stained in hsematoxylin and cosin, were made of all ovaries. 


III. Physiological Effects of Sterilisatifm, 

Three ferrets (F.l, F.7, F.8) were irradiated in the first batch. Each received 
four 80 minutes* exposures at weekly intervals between January 11, 1929, and 
February 1,1929, i.e., just before the bret^ing season was due to start. Within 
a month all three had come into oestrus. On March I, 1929, the left ovary of 
F.7 was removed. This ovary was found not to be sterile. All three animals 
remained in osstrus till July, except that the vulva of F.7 subsided temporarily 
after the unilateral ovariectomy. F.l and F.7 were mated to a normal dpg 
on June 3, 1929, and May 8, 1929, respectively, but neither became pregnant. 
At the end of the breeding season (July 19, 1929) each animal was again given 
80 minutes* exposure. During the following anoestnis (September 20, 1929) 
F.l was killed. The ovaries were found to be completely sterile, while the 
uteruB was of the ordinary ancestrous type. Just before the next breeding 
season the two remaining ferrets of this group were given two more exposures of 
80 minutes (January 14, 1930, March 0,1930). The animals were kept under 
close observation during what would have been the next breeding season, but 
only a very slight swelling of the vulva was observed in F.7 and this only late 
in the season. In F.8 no external change whatever occurred. The animals 
were killed on June 2,1930, and July 17,1930, respectively. The ovaries were 
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large and fleshy, while the uteri were laige and reddish-purple in colour. 
Histological examination of the ovaries showed complete absenoe of organised 
foUiolea and of oocytes in both animals {see Section IV). The uteri in section 
showed no signs of ovariectomy atrophy ; they were, in fact, fully up to normal 
siae. The endometrium was similar to that found in early oestrus, differing 
only from the full (sstrous condition in that the hypertrophy of the basal 
glands was not complete. F.7 was the mun^ tidvaneed of the two (Plate 38, 
fig. 1). There was no sign of the pseudo-pregnant condition. 

The next group of animals (F.36, F.3G, F.37) was given a first exposure of 
80 minutes, at about 10 weeks old on July 5, 1920. This dose was repeated 
on September 9, 1929, November 8, 1929, January 7, 1930, and February 21, 
1930, the aim being to sterilise immature animals before the onset of their first 
breeding season. No vulval change was observed in any of these animals till 
early in May, when a slight culargemeut took place in F.37. At killing on 
June 2, 1930, F.37 retained tlie alight swelling, but F.35 and F.36 still 
showed no sign. The ovaries of all three were fleshy in appearance, those of 
F.35 and F.36 being noticeably large. The uteri of them two were small and 
pink, while that of F.37 was large and purplish. Ilistoiogiiuil examination 
showed that the ovaries of all three animals were completely devoid of organised 
follicles and oocytes. The uteri of F.35 and F.36 were small and undeveloped 
(Plate 38, fig. 2), and very similar to that of the ancDstrous animal. The uterus 
of F.37, on the other hand, was very well developed, the endometrium approxi¬ 
mating closely to the normal oBstrous condition. The difference in the con¬ 
dition of tJie uteri is curious in view of the identical treatment, but it may he 
correlated with the difference in the ovarian condition described in Section IV. 
The following conclusions may be drawn from these six ferrets in which organised 
follicles were completely absent:— 

(o) Assuming the probability that F.l, F.7 and F.8 were incompletely 
sterilised during their first post-irradiation breeding season, it is necessary 
to conclude that ablation of the follicles in the ferret depresses the 
production of cestrin to a level insufficient to cause more than a trifling 
development of the vulva. 

(6) The uterine findings, however, are rather different. In three of the five 
animals killed during what would have been a breeding season, the 
uterus was well developed, and in two showed almost complete oostrouB 
changes. From this result, it may be deduced that the threshold value 
of caatrin is lower for the uterus than for the vulval swelling, a finding 
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in keeping with the roBults obtained by the injection of oastrin after 
ovariectomy (Parkea, 1930). 

(c) The complete absenoo of even a trifling change in the vulvee of F.6, F.35 
and F.36, together with the partial castration effect observed in the 
uteri of F.36 and F.36 are probably correlated with the more extensive 
ovarian damage in these animals. 

The remaining five animals were incompletely sterilised. Two (F.28 and 
F.29) were exposed for 20 minutes on July 12, 1929, at 21 days old. Three 
subsequent doses of 80 minutes were given on November ], 1929, January 28, 
1930, and February 28, 1930. No change in the vulvod was observed until 
May, when F.28 developed about half the normal cBstrons swelling and F.29 
a very slight enlargement. At the time of killing (June 2, 1930) the vulval 
symptoms wore about the same. The ovaries of both wen^ small; the uterus 
of F.28 wag pink and of F.29 reddish-purple. Histological examination showed 
one follicle in each ovary of F.29 and a numb<‘r of follicles in the ovaries of 
F.28. The uteri of both ferrets were well developed, but the growth of the 
characteristio basal glands was much further advanced in F.28. 

In those two animals, therefore, the development of oBstrous symptoms 
in both the uteri and vaginm was directly proportional to the incomplete^ 
noaa of the sterilisation. 

The last three ferrets were adults given three 80 minutes’ doses on October 
26, 1929, January 21, 1930 and February 26, 1930. All the vulv® began 
to swell during April, and by the beginning of May were fully developed. At 
autopsy, a month later, the vulv® were still fully up. Histological examination 
showed numerous follicles in all the ovaries, while the uteri were of the normal 
OBStrouB type. Taken in conjunction with the previous animals, the following 
conclusions may be drawn from the incompletely sterilised ferrets:— 

(а) Under the conditions obtaining, not leas than five 80 minutes’ irradiations 

at the standard intensity used axe required to produce sterility as 
diagnosed by the complete absence of organised follicles and oocytes. 
Decreasing dosage results in the survival of an increasing number of 
follicles, 

(б) The more foUides surviving in the ovary, the more normal become the 

oBstrous phanges in the uterus and vulva. 

A summary of the experimental results is given in Table I. 



Table I.—Summary of Results of X-irradiation of Ferrets. 
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IV, Otmian Changes in the Ferret Ovary following Irrodialiofn* 

The peritoneal epithelium of all the ovaries examined resembles that of 
the xkormal adult ovary of the ferret and does not exhibit any signs of more 
active proliferation. The tunica albuginea is also similar to that of the normal 
ovary. Small anovular follicles arc present in tlio peripheral regions of all 
the ovaries, but are not very numerous. They are invariably small in size 
and devoid of an antrum. They tend to be rather more numerous in sterile 
ovaries than in those containing follicles with ooc 3 rtPs. 

Follicles containing oocytes are entirely absent from the ovaries of F.l, 
F.8, F.36, F.36, and from the right ovary of F.7. In a few cases a small 
amorphous residual mass in the CM^ntro of small anovular follicles probably 
represents the remains of the zona pellucida of the degenerate oocyte; this 
suggests that the anovular follicles arose from small follicles by the degeneration 
of the oocyte. The above ovuru^ may be regarded as completely sterilised 
by the radiation, according to the most stringent standard of absence of 
follicles containing ooG}rtes. One ovary of F.37 is also devoid of follicles but 
the other contains two, jKissibly more, large and highly abnormal follicles. 
These follicles almost entirely fill the region within the tunica albuginea, 
leaving only a small zone of cortical stroma at one side. The walls of the 
follicles ore so much folded as to render it difficult to determine the number of 
follicles involved or their limits. The niembrana granulosa in these follicles 
has proliferated in a remarkable muimer, producing a highly abnormal appear¬ 
ance suggestive of an epithelioma. The cavities of these follicles are fiUed 
with a coagulum, staining like tliat produced fn>m liquor folliculi. No traces 
of oocytes ore discernible in these follicles. 

One large follicle containing an oocyte, but showing definite signs of degenera¬ 
tion, is present in each ovary of F.29, and there is also a small cyst present in 
the hilum of one of them. 

Both large and small follicles cotitaining ooc>i;es arc present in all the other 
ovaries (left ovary of F.7, both ovaries of F.28, F.56, F.67, F.68). The vast 
majority of those follicles exliibit various stages of degeneration either of the 
oocyte alone or of both the follicle and oocyte. In a few cases it is not possible 
to be sure whether the follicle and contained oocyte are normal or degenerating. 
The ovaries of F.66, F.57 and F.58, which ore comparable in that they were 
irradiated at the some age, received the same dose of X-rays, and were killed 
the same time after irradiation, exhibit a strikingly similar histological appear¬ 
ance in every respect. They all contain numerous foUiclea, of which several in 
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eacJi 0VBX7 an over 1 mm. in diameter, and the majoiitj, if not all« an 
degeneiatiiig. Further, thsj an in the complete abaenoe of oocponi 

Intea and in the appeuanoe of the etrcHna, as well as being-apptoadmately 
equal in sue. No oorpon lutes an present, but fibrous Temains, oontaining 
scattered luteal cells, possibly derived from oootpota lutea atretioa, an present 
in <me ovary of F.8 and F.30, and in both ovaries of F.28. 

The right ovary of F.7 contains a large fibrous mass which occupies the 
greater part of the ovary and resembles a fibroma. 

The ovary of the normal ferret oontsms numerous bloeks and strands of 
so-called “interstitial” cells in the cortical stroma. The cells, whioh en 
larger than the surrounding cells, probably arise from the walls of foUiolea that 
have degenerated. They are present in all the X-rayed ovaries and form 
relatively a much larger part of the ovary than in the normal animal. TIm^ 
oiMUititute by far the greater part of the ovary in those oases where foUioles 
are absent or few and small. The cells composing this tisane exhibit vaiiona 
stages of enlargement and vacuolation probably oauaed by bitty infiltration. 
This tisane in F.l and F.37 is similar to that of the normal ovary, but the cells 
oomposing it are slightly enlarged in F.66, F.67 and F.68, and more definitely 
so in F.28 and the left ovary of F.7. The cells ate larger in all the other 
ovaries, especially so in F,29 and F.36, and are much vacuolated, except in 
F.28. The tissue in these latter ovaries somewhat xeaembles luteal tissue and 
the ooudition is evidently similar to that described in mice irradiated at birth. 

Oke the Stenliaed Ooariet. —^The ovaries of the normal oastrous ferret weigh 
about 0* 160 gm. Of the present series the weight of F.7 ovary may be 
partly due to oompenutory hypertrophy after the left ovariectomy. The 
remaining seven pairs of ovaries, for ediioh wei^ts are available, all we%h 
less than normal, except F.S0 and FA6. It is curious that two out of the three 
weired pairs of sterilised ovaries should be larger than normal, whereas the 
partially sterilised ones are smaller than noimaL The ovaries of F.l (not 
weighed) were very small, saggeeting that anoestiouB hypotrophy takes place 
in the sterilised ovary. 

V. Dieouation. 

In the mouse, the uterine changes of csstrus requite a much greater oon- 
oentntion of oestrin than do the vagmal changes (Mstrian and Parkas, 1880). 
Since the uterine be well as the vaginal oyds persists after stsrilisatum in this 
animal, the oestrin production by the sterilis^ mouse ovary mnst be up to the 
normal level In Genther’e guinea-pigs, on the other hand, the abeenoe of 
avm vagmal oomification suggeete that the o«m|^etely SteriUeed guinea-pig 
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ovaxy fajli to ptodnoe any appreciable amount of oestrin. From the reaults 
detcribed labove^ it is evideat that the sterilised ferret can produce enough 
ceitrin to cause the typical uterine changes, but not enough to cause more 
than a trifling degree of vulval enlargement. 

It is signiflcant that the uteri showed no trace of pseudo-pregnant develop¬ 
ment in spite of the presence of very large amounts of interstitial tissue in the 
sterilised ovaries. The ferret, therefore, seems to be intermediate betvreen the 
mouse and the guinea-pig as regards the effect of obliteration of the follicles 
on the endocrine function of the ovaries. 

It should be emphasised that the different results obtained on different 
species are not antagonistic ; all depends on the exact response of the ovary 
to the particular dose and type of irradiation used. 

We are greatly indebted to Professor G. Elliot Smith, F.ll.S., in whose 
department the irradiations wore carried out. 

The expenses were defrayed from a grant from the Medical Itesearch Coonoil 
to A.8.P. 

VI. Summary. 

(1) Complete obliteration of the follicular system of the ferret ovary is 
produced by five 80 minutes’ exposures to X-rays of the type and intensity 
previously used on mice (Parkes, 1926-27). 

(2) Five animals were completely sterilised during ancestrus. (Estrous 
enlargement of the vulva during the next breeding season was trifling in two 
and completely absent in three. The osstrous development of the uterus, 
however, was complete or nearly complete in three of the five. 

(3) It may be said, therefore, that the sterilised ovary of the ferret produces 
enough oestrin to cause the uterine changes, but not enough for the vulval 
swelling. 

(4) A species difference has already been shown in the effect of X-iay sterilisa¬ 
tion on the endocrine activity of the ovary (Genther, 1931), and the present 
results on the ferret in no way conflict with our previous work on the mouse. 

DESCmPTlON OF PLATE. 

ff.G., hypertrophied basal glandB of the uterine eadometrinm. if.F., small anovular 

Pijknas. 

Fio. 1.—Uterai of F.7i showing olooe sppeoximstton to the oaetrane oonditiaii. x 90. 
Fio. 2.~Uteru of F.SS. showing nndeTeloped oondition (oompeie anesstrons uterns, 
FUte 16, fig. 9» Psrins, 1090). X 30. 

Fiu. 3.—Whole oraiy of F.86, showing geneni nstnn of stsrillsed OTsiy. x 16. 

Fio. 4.^Peripheiy of oraiy of F.3fl, showing s b se n oe of oooytss, and pw s en ee of small 
anovular foUalea. x ISO. 
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The Electrical Properties of the Inner Epidermis of the Onion Scale. 

By R. J. PcTMPHREY, B.A., The Zoological Laboratory, Cambridge. 

(Communicated by J. Gray, F.R.S,—Received October 24, 1931.) 

Michaelis (1927-28), in his description of the properties of the dried collo¬ 
dion membrane, concluded that it behaved like a sieve permeable in different 
degree to the hydrogen ion and ions of the hi-Cs series and impermeable to 
anions. He records, however, that the ratio of the mobilities of univalent 
cations and anions which is very high in dilute solution decreases as the con¬ 
centration is increased, a fact which docs not fit in with the simple sieve theory. 
Id another paper (Wcoch and Michaelis, 1929) he found from potential measure¬ 
ments that, when the collodion membrane separated N/10 and N/lOO CaCl^, 
the transport numbers of Ca" and Cl' were approximately the same as in free 
solution and concluded that the low value of the mobility of the Ca" ion was 
probably due to its large size, t.e., that the obstruction to its passage was 
purely mechanical. He states, however, that the measurements with calcium 
chloride were not entirely satisfactory. 

In another place (Pumphrey, 1931) the writer has described experiments 
which suggested that a rather different interpretation of these foots was possible 
and that a further examination of the effect of oonoentration on the permeability 
of membranes of this type was desirable, partionlarly for salts containing a 
bivalent cation. In this paper experiments with the inner epidennis of the 
onkm scale are desoribed. As will be shown, tins membrane appears to resemble 
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the collodion membrane in its electrical properties and is very much easier 
to prepare and mount. 

A paper on the properties of the onion scale epidermis has already been 
pnblished (Brooks, Oiese and Gieae, 1931). Those authors find a very variable 
potential across the membrane which falls ofi in an irregular manner with time. 
The present writer has not been able to confirm their results. If he has 
correctly understood the description of their mcthml, the solutions in contact 
with the membrane were connected with the calomels by means of capillary 
tubes with straight ends filled with saturated KCl. It is easy to show that as 
soon as a capillary containing saturated KGl is dipped into a more dilute 
solution the KCl solution falls to the bottom and is replaced by the dilate 
solution, even if the capillary is very fine. The slow fall of potential described 
by these authors can easily l>e accounted for by contamination of the solution 
in contact with the membrane by strong KCl, and the minor irregularities may 
perhaps be due to fluctuating diffusion potentials in the capillary. 


Material. 

The inner epidermis of tlu! onion scale is a single layer of cells with thickened 
cutinJscd walls easily stripped off intact from the scale and free from stomata. 
Occasionally it happens that some of the cells arc left behind in stripping and 
only the external cell-wall comes away. This makes no difference to the 
behaviour of the membrane except that it is more fragile and less easy to 
handle. It is evidently on the inanimate cell-wall that the properties to bo 
described depend. 

Method. 

The membrane, after washing in distilled water, was mounted between two 
tubes with upturned ends and ground flanges, which were held together by 
paper clips, fig. 1. 
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In the fint experimentB the flanges were previously coated with vaaeline, 
bat this was subsequently found to be unnecessary. After further washing 
with distiUed water the two halves of the cell were rinsed and flUed with the 
solutions to be used and each half connected by a B 3 ^hon to a small beaker 
containing the same solution into which a saturated calomel electrode was 
dipped. One electrode was connected to the needle of a Lindemann electro¬ 
meter, the other to one terminal of a slide-wire potentiometer of which the other 
terminal was earthed. The sensitivity of the system was about 0-6 millivolts. 
Readings are given to the nearest millivolt. The use of the electrometer has 
the advantages that no ourrent is taken from the system and that the sensitivity 
is independent of the resistance of the circuit with the concentrations used. 

Rrsults. 

1. Compomon with the Collodion Membrane. 

It was found that different membranes even when taken from the same 
scale of the same onion gave somewhat different results. In fig. 2 the potential 
given by different membranes separating solutions of potassium chloride, with 
a concentration ratio of 1:10, are plotted against time. The form of the 
curve is always much the same. After a rise of variable extent and duration 
a constant potential is reached which remains constant as long as measurements 
are continued (in some oases over 18 hours). 



Houre 

Fio. 2. 


(7n tikis figwe and Babrngnently the sign of ike poUnlial is ihai qf the more dUnU aotnUon.) 

Zero time on the graph is the time of the first reading, usnally about 8 miniites 
after the membrane had been in contact with the solutions. From these 
ourves it can be seen that the onion skin in dilute solution may give a potential 
fairly close to the mazimnm (68 millivolts), the dilute solution being positive. 
It therefore resembles the collodion membrane in being nearly impenneable 
for anions in dilute solution. It was fonnd subsequently that the initial low 
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potentialfl were aeldom observed if the membrane after mounting was washed 
for several hours with changes of distilled water. The steady potential was 
then reached almost instantaneonaly. The initial low values are attributed 
to traces of electrolyte in the membrane probably derived from injured cells. 

Trial showed that any membrane always gave the same potential within 
2 mv. with the same solutions of KC9 oven after exposure to strong solutions 
of EGl, HGl or several other salts, provided it was first thoroughly washed. It 
can, therefore, be assumed that in the following experiments the effects of 
increased concentration are reversible. 

U. The Change of Potential toilh Concentration, 

(a) Potassium Chloride ,—In this and subsequent experiments a concen¬ 
tration gradient of 6:1 was used. Solutions more dilute than 0-0032 M: 
0-00064 M gave rather irregular results, probably owing to contamiuHtion by 
traces of salts leaking from the cells of the epidermis. However, at this con¬ 
centration (i.e., 0-0032 : 0-00064 M) many of the membranes gave potentials 
approximating to the theoretical maximum (38 mv. at 20^ C.). 

As the concentration is raised the potential falls nearly to zero, Table I. 


Table I. 


Conoentntlon KCl. 

M M 

Membraiv 

4. 

Membrane 

6. 

Membrane 

c. 

0 0032 ; 0 00064 | 

28 

34 

39 

0016 

0 0038 

28 

31 

32 

008 

0016 j 

24 

27 

26 

0*4 

0-08 

14 

16 

14 

20 

0-4 1 

2 

2 

1 


(6) Eydroohkric Add ,—Similar experiments with HCl gave the results in 
Table II, Owing to the possibility of liquid junction potentials of appreciable 
magnitude existing between the calomels and the acid solutionB, it was con¬ 
sidered advisable to measure the liquid junction potential between the acid 
solutions concurrently with the measurements of the potentials across the 
membrane. This was done by inserting a syphon connecting two beakers 
containing the acid solutions in place of the membrane cell, fig. 3. This rather 
simple method gave very constant potentials slightly lower than the values 
calculated. 


2 I 2 
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Table 11. 


Concentrmtion HOI. 

Hembimne 

30. 

Hembtmne 

36. 


U M 

0-0032:0-00004 

37 

33 

24 

0 016 :0 0032 

30 

26 

23 

U-OS : 0-016 

23 

22 

84 

0-4 :008 

22 

22 

24 

80 :0-4 

20 

23 

22 


One of these membranes was a good ’’ membrane. The other gave a 
potential considerably lower than the theoretical for the most dilute solution. 
In both cases the potential across the membrane and the liquid junction 
potential coincide within the limits of error for the stronger solutions. 



(c) Coletum CMcride ,—There is no satisfactory theoretical equation for the 
calculation of liquid junction potentials involving a bivalent and a univalent 
ion. In Table HI are given the potentials for two membranes and the mean 
of two determinations of the l.j.p. for CaCl|. 


Table HI. 


Coocentntlon C»C1|. 

M M 

Membmne 

39. 

Hembrane 

30. 



mv. 

mv. 

mv. 

0 0032:0 00064 

36 

38 

(10) 

0 016 :0 0082 

21 

28 

-14-6 

OOS :0'016 

2 

8 

-14'6 

0-4 :U0S 

-12 

-11 

-IS'5 

a-0 :0-4 1 

-16 

-16 

- 9*6 
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The mean value for the Lj.p- agrees very well with Miohaelis' finding of *-18 mv. 
for N/10 : N/lOO Caa, (18 log 5 = 12-0). 

F^m a consideration of Table III it can be seen that in dilute calcium chloride 
the membrane behaves as if impermeable for anions; at a concentration 
0*4 : 0*08 it does not significantly alter the normal ratio of the mobilities and 
is presumably equally permeable for the cation and the anion, and at the highest 
concentration it appears to be more permeable for anions than for cations. 
If this membrane is really of the same type as the collodion membrane, it 
seems likely that the agreement which Miohaelis found between the potential 
across the membrane and the Lj.p. for GaGl| was fortuitous and would 
not have been observed at any other concentration. This implies that 
the size of the Ca" ion is not the factor that determines its mobility in the 
membrane. 

(d) Cerium chloride gives very much the same type of results (Table IV) as 
calcium chloride, but as the salt is hydrolysed to a considerable extent, the 
interpretation is difficult. 

Table IV. 


Conccntr&Uuu CoCIi 

M M 

Mombranc 

32. 

Mombnoe 

33. 

i.j.p. 

OOOlrtrO 00032 

M 

2S 

-16 

0-008 : 0-001H 1 

32 

28 

. -16 

0-04 : 0-00« 

20 

1 

-n 

0*S :004 

- H 

-17 

-17 

1-0 :0-2 

-26 

-20 

-17 


It has been shown that when the onion epidermis separates two diSevent 
Bolntions of potassium chloride, it gives a oonstant and reproducible potential. 
If the membrane acted purely as a sieve, addition of an equal amount of a 
salt containing a bi- or trivalent cation to each of the solutions in contact 
with the membrane should not affect the potential except in so far as it (a) 
altered the total concentration of ions to which the membrane was permeable, 
(A) altered the activity of the potassium ions already present. 

In the following experiments membranes which reached a constant potential 
when separating M/60 and M/200 KGl were exposed to similar solations which 
were M/1000 with respect to CaCl| and CeCl,. The results axe diown in 
Tables V and VI respectively. 
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Table V. 


Conoentratiolu 

Membrane 

50. 

Membrane 

60. 

Membrane 

01. 

KCIM/OO : Ka M/260 

33 

34 

30 

KCI M/flO \ fKCl M/2fl0 

Cad, M/1000/ * \Caa, M/1000 

18 

16 

18 

Table VI. 

ConcsentratioiL. 

Membrane 

62. 

Membrane { 
63. 

Membrane 

64. 

KClH /80 : KCIM/aeo | 

1 27 

34 

1 20 

KClM/60 \ /KC1M/2S0 

CeCl, M/IOOO/ ' \CeCl, M/IOOO 

6 

12 

8 


It can be seen that the depression is too laige to be accounted for if the mem¬ 
brane is a simple sieve. If the membrane remained nearly impermeable to 
anions the depression to be expected is only about 4 mv. even if Ca*' and Ce"' 
ions penetrate as readily as E ions. The activity correction probably amounts 
to less than this. Actually the depression is 16 mv. for calcium and 21 mv. 
for cerium chloride. 

Ditoutsion. 

The results above agree very fairly with Miohaelis’ results with the collodion 
membrane so far as univalent salts are concerned. When the potential for a 
given concentration gradient is plotted against the logarithm of the oon- 
centration the curve is sigmoid, the upper asymptote being the potential given 
by E B RT/F In c^/ci and the lower by the Lj.p. in the absenoe of the mem¬ 
brane. With salts containing a bi- or trivalent cation the results ate different, 
the upper asymptote is the same, but for high concentrations the dilute solution 
becomes more negative than it would be in the abeence of the membrane. 
Fig. 4, which illustrates this pomt, is based on the figures given above, but 
somewhat idealised for the sake of clarity. 

It is reasonable to regard this fall in the potential as due to the increasing 
adsorption of cations as the concentration is increased. In dilute solution the 
collodion membrane and the onion epidermis are negatively charged. Porasin 
such membranes are therefore presumably lined with a fixed layer of adsorbed 
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iom, principally anions, and the lumen of the pores if they are sufficiently 
small contain principally cations which can be displaced relatively to the 
fixed layer. This accounts for the relatively high apparent mobility of cations 
in the membranes. When the con¬ 
centration is increased it may be sup¬ 
posed that the difierential adsorption 
decreases ; there will, therefore, be more 
cations in the fixed layer and more 
anions in the free layer, and if both ions 
negative and positive are univalent 
the potential across the membrane will 
approximate to the liquid junction 
potential as the number of cations and 
anions in the fixed layer, and con¬ 
sequently in the displaceable layer, 
becomes more and more nearly equal. 

If the cation, however, is not uni¬ 
valent, then, when with inoreasing con¬ 
centration the number of anions and 
cations in the fixed layer tends to equality, the ratio of anions to cations in the 
displaceable layer will tend to 2 for a bivalent and 3 for a trivalent cation and 
the membrane will behave as if relatively impermeable for cations. 

This theory accounts qualitatively for the facts described above and for the 
behaviour of the collodion membrane and is in agreement with what is known 
of the discharge of non-ampholyte colloids such as a gold sol by electrolytes. 
Quantitative proof would require it to be shown that at the concentration of 
calcium chloride, for example, at which the potential across the membrane is 
equal to the liquid junction potential, the seta potential of the membrane is 
zero. Unfortunately, direct oataphoretic measurements are equivocal, owing 
to the impossibility of obtaining a sufficiently high potential gradient with 
concentrated solutions without heating and convection. 

Summary, 

The inner epidermis of the onion scale is shown to resemble the dried 
collodion membrane in being relatively very impermeable for anions in dilute 
solutions of electrolytes and in retaining this impermeability for an indefinite 
period. 
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For uni-anivalent elootroiTtee the potentinl across the membrane tends with 
inc rwyiing concentration to a limit equal to the liquid junction potential in the 
absence of the membrane. For eleotrolj^ containing a bi- or trivalent 
cation the potential falls with increasing concentration below the value of the 
Lj.p. and the membrane appears to be more permeable for anions than for 
cations. 

Addition of small amounts of bi- or trivalent cations to solutions of potassium 
chloride in contact with the membrane has a disproportionately large depressing 
effect on the potential. 

This work was carried out while holding the Amy Mary Preston Read 
Scholarship at the University of Cambridge. I wish to express my gratitude 
to the Governing Body of Trinity Hall for financial help, and my sincere thanks 
to Mr. James Gray, F.K.S., for his continual int(*rest and encouragement. 
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X-ray Analysis of the Stru<^ure of the WM of Valonia 
ventricofia.— 

By W. T. Astbury and Tuora C. Marwick, Textile Physics Laboratory, 
University of Leeds, and J. D. Bernal, Minerological Laboratory, 
University of Cambridge. 

(Communicated by Sir William Bragg, F.B.8.—Received November 13,1931.) 

[Plat* 39.J 

In searching for material built from cellulose which might, by the application 
of X-ray analytical metliods, throw further light on the nature of the cellulose 
lattice and its orientation in biological structures, Sponsler (1930) examined 
the green alga, Valonia ventricosa, which grows in the form of a aiiiglc-celled 
hollow sphere often as much as 2 cm. in diameter. From the X-ray photo¬ 
graphs which he obtained, he was able to show, not only that the cell-wall is 
composed of crystallites of cellulose which for such a substance must be con¬ 
sidered as relatively well-developed, but also that those crystallites are so 
laid down in the wall that there is a preferential orientation of the crystal 
lattice with respect to the surface. The plane of ‘'spacing” G'lOA.U. lies 
roughly parallel to the wall, wldle the plane of “spacing” 5-33 A.U. lies 
roughly perpendicular to the wall. On the other hand, Sponsler (1931) concluded 
that there is no further selective orientation of the cellulose crystallites, but 
that, “ in attempting to determine, in Vahniay the position of the remaining 
axis, the (cellulose) chain axis, the diffraction lines which indicated the presence 
of the chains showed that a random distribution of the chains occurred around 
a radial reference line of the wall.” 

By the courtesy of the same worker, the actual specimens on which these 
observations were made were soon afterwards submitted to an optical oxamins- 
tion in polarised light by R. D. Preston (1931) of the Botany Department of the 
University of Leeds. Ilis results appeared to offer a striking oonfirmation 
of those of Sponsler, for he found that the wall was divided approximately 
into areas forming a mosaic, each area having its own interference colour, 
different from that of its surroaudings. The average size of the areas was 
about 1-5 X 10'^ sq. cm., and the extinction direotioas in general varied 
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oonfliderably in passing from one area to another. Preston assuinedf in 
accordance with what appears to be a well-established, but as the sequel shows 
erroneous, custom, that the extinction directions in any area were parallel 
and perpendicular to the directions of the cellulose chains in that area, and 
therefore concluded, since many interference patches would be irradiated 
simultaneously by an X-ray beam such as Sponsler used, that the effect of 
random orientation described by the latter was in perfect agreement with his 
own findings. The fact, however, that Sponsler had used for his investigations, 
not single pieces of cell-wall, but blocks made up of a large number of such 
pieces, suggested that there might be a fallacy in this argument, even though 
the blocks in question were so built up that meridians running from the hold¬ 
fast of the spherical cell were os far as possible parallel. In spite of the fact 
that the optical examination suggested the contrary, it was still possible that 
the X-ray diffraction effects had been produced by the accumulation, in the 
large mass of material used, of relatively slow variations of orientation dis¬ 
tributed over the whole surface of the cell-wall. It seemed, therefore, that a 
more proxhising line of attack would be to take X-ray photographs of single 
pieces of wall and, if possible, limit the X-ray beam each time to a single 
interference patch wliich had been previously defined with the aid of the 
polarising microscope. 

Such a series of photographs, of the actual specimens of VdUmia examined 
by Preston, have now shown that the second interpretation is in fact the 
correct one, and that the optical discontinuities are to be ascribed to quite a 
different cause from what was originally proposed. A single piece of oell-waU, 
though no more than a small fraction of a millimetre thick, gives a good X-ray 
photograph which is in general almost completely free from the difiraotion 
effects to be expected from cellulose chains in random orientation about a normal 
to the wall (fig. 2, Plate 39). On the contrary, each photograph generally 
shows reflections from two principal sets of cellulose chains crossing each other 
at an angle somewhere near a right angle, snth often traces of a third orienta¬ 
tion lying about half-way between the other two. Furthermore, substantially 
the same X-ray photograph, showing practically the same orientations of 
fibres, was obtained when the exploring X-ray beam was moved through a 
distance of several millimetres over the surface of the ccll-walL In short, the 
first series of photographs demonstrated clearly that:— 

(1) The wall of Vaknia venisicosa is built up of two main sets of cellulose 
chains lying in the wall and crossing at ah an^e which is generally 
near about 80° but which may be as small u about 60° ; 
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(2) The oelluloee ohaina are in the form of well-defined crystalline aggre¬ 
gates; 

(3) The orientation of each set of orystallitea thus formed is usually remark¬ 
ably perfect; 

(4) In the majority of areas examined the two sets of orystallitea were in 
roughly equal proportions; 

(5) There is frequently a small proportion of chains in another orientation 
lying bet¥reen the two main orientations ; 

(6) The orientations of the various sets of chains were roughly constant 
over the area of the small pieces of cell-wall available for examination 
(about 5 mm. across); 

(7) There are apparently changes of orientation of an, as yet, undefined 
character; 

(8) The fibre orientations persist through the whole thi<;kne8s of the cell- 
wall, since two lamella) made by splitting a single piece of the wall gave 
similar X-ray photographs; 

(9) As observed by Sponsler, there is a further selective orientation of the 
cellulose chains so that the plane of spacing 6-lOA.U. tends to lie 
parallel to the cell-wall; but there is undoubtedly a dispersion of this 
plane, the actual value and variations of which are at the moment 
under investigation. 

This X-ray investigation is now being continued by Preston (with the aid of 
a grant from the Department of Scientific and Industrial Research). His 
additional results to date serve to confirm the conclusions outlined above. 
They also show that the interference discontinuities previously described by 
him are of secondary importance, in the sense that they have no influence on 
the main features of the X-ray photographs and arc not universally present 
in the pieces of Valonia examined. Our attention has thus been attiaoted 
once more to the very fine and often very faint striations which may be detected 
on the wall of Valonia ventricosa, and which appear to continue uninterruptedly 
over considerable distances, whatever the reepedive interferenoe ooIouth of the 
areas which they traverse. It has long been known that plant walls are not 
simply lamellated, but that they show surface striations, the first definite 
account of which is due to von Mohl (1836). During the last century the 
phenomenon gave rise to some discussion (Nfigeli, 1866), but it seems that 
generally satisfactory conchiaions were not arrived at conoeming its precise 
nature. It is now clear that in the wail of Valonia ventrioosa the drim are 
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pa/roOd to the dmotiom ^ the cdMooe chaina a$ revealed bg X-ray amdyeia. 
In general, two sets of strus may be detected which correspond exactly to 
the two main cellulose orientations idesoribed above. The whole wall is thus 
apparently either a kind of basket-work or a ply-wood struotnre of crossed 
cellulose fibres of probably submicroscopio dimensions. 

Fig. 1 shows diagrammatioally the experimental arrangement designed to 
demonstrate this point. A fragment of Valonia was mounted across a hole 



in a piece of brass, and a hair was mounted, under the microscope, across the 
Valonia so as to be approximately parallel to one of the two sets of striations. 
A photomicrograph was then taken of the striations and hair. A gate-like 
rectangle of wire was then attached to the brass so as to swing with its outer 
side always parallel to the hair and therefore to the striations. While an X-ray 
photograph was being taken of the area under examination, the outer side of 
the wire rectangle rested against the photographic film and so left a shadow 
parallel to the striations. A photomicrograph of the strus and the corre¬ 
sponding X-ray photograph, both prepared by Preston, are shown in fig. 3, 
Plate 39. It will ^ seen that the cellulose chains, which lie perpendionlar 
to tbe two main rows of spots in the X-ray photograph, correspond oloeely 
to the stiUD observed under the microscope. 

From this demonstration follows at once an important point with regard to 
the oonolusions to be drawn fnmi the exutiin^tion of ceU-walla in polarised 
light. The eaiihotion dtfeotWHS do not neoeeettniy eorreapond to the directions 

Ae eeBedoee cAatns. In fibres such as ramie, where X-mys reveal only one 
set of oeUalose chains lying practically paralld to the fibre length, there is 
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Frci. 2.—\-iay photograph of the wall of Valonui /vti/ricowi, t-nken with the rays normal 
to the wall, and showing two main ooIIuIoho orientatiuna ineiinmi at 78*^ to e*<ih 
other, together with traces of a thinl iiit'erim‘iliaU^ orientation. Ou K rays. 
d z.= ^ eniH. 



(«) {i>) 

Fio. 3.—^a) Photomicrograph of the uell-wall of VeiloHin vfniricoaa ahowing two acts of 
striationn. The dark bar i& a hair, {h) X-ray photograph of the aamo area. The 
whiU‘ shadow is a wire parallel to the hair shown in (o). The two rows of rtpotn in 
the X-ray photograph are perpendicular to the oelluloHe chains, which are therefore 
parallel to the strlationH of the cell-wall. (Preston.) 
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naturally straight extinction; but when there are more than one set of chains^ 
as in Talonia^ the extinction directions lie between the two chain directions, 
as theory predicts. In pieces of VaJUmia free from interference patches the 
extinction directions exactly bisect the angle between the cellulose chains when 
X-rays show that the two orientations are in equal proportions. Fig. 2, Plate 39, 
is an X-ray photograph of such a piece which showed, except for secondary 
irregularities, perfectly uniform extinction, with the extinction directions 
lying half-way between the chain directions given by the X-ray photograph. 
In those pieces of Voionia in which X-rays revealed a definite difference between 
the proportions of the two chain orientations, the extinction, just as we should 
expect, was moved towards the orientation of greatest intensity. Thus, as 
far as we can see at the moment, the interference patches shown by certain 
regions of the wall of VaUmia venlricosa^ with their varying extinction directions 
as described by Preston, are most simply explained as due to varying pro¬ 
portions of the two seta of cellulose chains. Such an interpretation is in full 
agreement with all the facts at present known to us. 

We are indebted to Dr. F. C. Phillips, of the Mineralugical Laboratory 
of the University of Cambridge, for a further optical examination of pieces 
of VaUmia with uniform extinction. He has very kindly determined their 
refractive indices and optic axial angles with the aid of a Fedorow Universal 
Stage, His results are given in Table I (specimen II corresponding to fig. 2, 
Plate 39). 

Table I. 


Specimei). 

I. 

II. 

j 

Intotflbm angliB by X-nys 

68“ 

78“ 

BAnfrlngenoe . 

0 01 

0-006 

2V . 

83“ 

63* 

y . . 

1-66-7 

1-60 

. . . . 

1-66-6 

1-664 

a (oaloulatod) . . 

1-641 

1-646 

y (oshwUted for SbiM all in one direction).... 

1-68 

1-68 


As would be expected, they show that the specimen built of ohainfl inclined 
at the smaller angle has a greater birefringence and a greater optic aidal angle 
than the specimen built from chains inclined at the larger angle ; in &ct, both 
the X-iay and optical examinations agree in indicating that considerable areas 
of the wall of Valonia closely resemble the structure of a finely repeated 
twin.*’ Such areas behave optically as single crystals, and their propertieB 
can be explained by the assumption of a large number of thin layers alter- 
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uately of one orientation and then of the other. Aotually it is poesible to 
separate the wall into a number of thinner lamollee (Preston, loo. oU.), as in 
the case of mica, and crosa-seotionB under the miorosoope appear to show about 
aa many as forty such layers; but it still remains to determine the limit of the 
lamellation. A complete description of the structure of the wall of VaUmia 
must indicate whether the two orientations of cellulose chains alternate as we 
pass from one layer to the next, and if so, what is the limiting thickness of 
such a layer of uniform orientation, or whether there is an intimate admixture 
of the two orientations throughout the whole thickness of the walL The 
evidence as yet available does not settle his point—an important one from 
the point of view of the mechanism of growth—but we are investigating the 
matter further. 

The Y refractive index (1*58) calculated for fibres all in one direction is 
rather smaller than the mean value found by Frey (1925-26), who states that 
for fibres such as ramie the cellulose micelles are practically uniaxial positive, 
with ny = 1*594 and *533, corresponding to the long axis of 

the miceUes. With interfibre angles of 68^ and 78°, and assuming equal 
proportions of the two sets of fibres, Frey’s values would give :— 

Y Valonlu ” 1*576 1*667 ^ 

y68° and V78°. 

Pvaionu= 1-646 J 1*656 J 

The fact that Phillips’ experimental results lead to a calculated y which is 
too small and a calculated a which is too large is probably to be ascribed to a 
lack of strict parallelism between the chains and the cell-wall, possibly, in 
part, on account of a certain amount of folding in the wall. 

It would appear that even these preliminary resuHs of the application of 
X-ray methods to the problem of the structure of the wall of Vdlonia veniriooBa 
are of BO striking a character that they open up new and profitable fields in 
which wc may hope that close co-operation between botanist and physicist 
will iihimately reveal the mechanism of the growth of cellulose in the living 
plant. As a next step in these researches we propose now to examine by X-isys 
a complete VaUmia cell with a view to determining both the cellulose orienta¬ 
tions in every port of the wall and the relative proportions of the ceUulose nhsLxnn 
which are allotted to the various orientations. When the latter ore plotted 
on the surface of a sphere, it is possible that the resulting configuration viewed 
as a whole will throw light on the nature of the orienting forces. When the 
X-ray photographs described in this paper were first obtained, it was thought 
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that the two main orientations might turn oat to be based on crossed twins ” 
of the cellulose crystallites, that is, that the orienting forces in the cell-wall 
were of a fomiliar crystallographic nature ; but the lack of strict constancy in 
the interfibre angle invalidates this suggestion. The important task at the 
moment seems to bo to determine the limiting thickness of cell-wall associated 
with each orientation. In structures built of a single cellulose orientation, 
such as the cell-wall of ramie, the hypothesis that the orienting forces are 
crystallographic is certainly plausible; but in structures such as that of 
Valonia, in which we find two or more sharply defined orientations of orouei 
cellulose crystallites, it is not easy to see how the orientation of any crystallite 
is transmitted, not to its immediate neighbour, but to the next but one. As 
just mentioned, the mechanism of “ twinning ” would afford a ready explanation 
if the interfibre angle were constant; but this is not so. As it is, the experi¬ 
mental data at present available appear to suggest that we must look for 
something outside the crystals themselves as the origin of those forces which 
orient the cellulose fibres so perfectly. 


Summary, 

(1) The cell-wall of Valonia ventricoaa is found by X-ray methods to be 
built up of two main sots of cellulose chains which form crystallites crossing 
at an angle which is maintained remarkably constant through the whole 
thickness and over considerable areas of the wall. 

(2) The orientations of the cellulose chains are found to be parallel to the 
directions of the fine crossed striee which may bo detected on the surhoe of 
the wall when examined under the microscope. 

(3) The extinction directions shown by the wall in polarised light are dete(r- 
mined by the interfibre angle and the proportions of cellulose chains associated 
with each orientation. 

(4) Refractive indices and optic axial angles have been measured for those 
areas of the wall which behave optically as single crystals, 

(6) Suggestions are discussed as to the nature of the orienting forces. 

In conclusion, we should like to express our thanks to Professor J. H. 
Priestley, of the Botany Department of the University of Leeds, for his 
encouraging interest in the work and frequent advice on the botanical aspects 
of the problems involved. The expenses of the investigation are being defrayed 
by grants from the Worshipful Company of Clothworkers, the Government 
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Orant Committee of the RoTal Society, and the Department of Soimitifio and 
Industrial Reaearoh. 
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Exjieriments upon Respiration in the Larvcs of certain Parasitic 

Hymenopera. 

By W. H. Thobfe, M.A., Fh.D., Imperial Institute of Entomology. 

(Communicated by A. D. Imms, F.R.S.—Received October 24, 1931). 

ItUroduction. 

The method by which an apneustic endoparaaitic insect larva obtains its 
oxygen and eliminates the carbon dioxide produced has long been a subject 
for speculation. 

Many panuatic larvm are characterised by the possession of long “tails,” 
or other expansions of the body wall, and the tendency in the past has been to 
ascribe to such structures, whether in parasitic or aquatic forms, the function 
of gills; tracheal gills if they contain trachea; blood gills if they do not. 
Direct evidence as to the function of such structures is scarce, even conceming 
aquatic forms, and is almost completely lacking with regard to parasites. 
The work here described was undertaken in the hope of throwing some li^t 
on the matter with special reference to the two most striking instances, namely 
the " tail ” of young endoparasitio Ichneumonid larva and the “ caudal 
vesicle ” of the larval Braoonids. The results of similar eiqwrimeuts on a 
remarkable Dipterous parasite, Cryptochatum ieeryes, have already been 
published (Thorpe-, 1930). It is hardly necessary to discuss the previous work 
on the subject and its relation to more general problems, since Wigglesworth 
(1931) has recently published an excellent summary of the literature 
with insect respiration. 
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The study of the pEoblems of parasite respiratiou is rendered difficult by 
lack of knowledge regarding the physiology of non-parasitio forma. For 
instanoe, there are one or two weU-authontioated instances (Davis and Slater, 
1928 ; Cole, 1921) of insects which, while normally aerobes can, under adverse 
conditions, subsist anaerobically for a considerable length of time and this 
ability may well be more widespread than is at present sospeoted. How hir 
it occurs among parasitic larvs is unknown, but the existence, especially among 
the later stages of many Tachinids, of an elaborate apparatus for securing 
communication with the atmospheric air and, in many of the Hymenopterous 
forms, of a highly developed plexus of fine tracheae immediately beneath the 
hypodennis, gives a strong a priori reason for supposing that they are true 
aerobes. In the latter case, the greater part of their oxygon requirements is 
obtained by absorption of the gas by diffusion from a surroimding fluid con¬ 
taining it in solution. In other words, it seems probable that, in the parasitic 
Hymenoptera, the general body surface acts as a respiratory surface and that 
the problem of respiration in apneustic aquatic and parasitic larvce is essentially 
the same. Another striking parallel between the respiration of parasitic and 
of aquatic forms is seen in the fact that in the first instar of many Hymenop- 
teroua parasites the tracheje are cither absent, or if present are filled with fluid 
and are non-functional, the gaseous exchange taking place directly between the 
tissue fluids of parasite and host. 

Methods. 

The study of respiration of aquatic larv» is relatively simple. That of 
parasitic forms is greatly complicated by the fact that the experiments must, 
at best, be carried out under highly artificial conditions. 

As the problem is to determine not the total respiration rate, but the relative 
rates of gaseous exchange taking place at different porta of the body surface, 
the only feasible method seemed to be the use of cheznioal and biological 
indioators somewhat on the lines of Fox’s (1921) work on Chironomus. Parasitic 
larvae were dissected out of the host, rapidly washed free of the host’s blood 
and tissues, in a few drops of normal salt or Ringer’s solution, and placed on a 
mioiOBCope slide under a ooverslip raised on wax feet. For the study of carbon 
dioxide output a suitable indicator solution is then run in under the oover- 
slip, the colour change being observed under the binocular microscope against 
an opaque white background. The larvss can be held motionless by slight 
pressure on the coveralip, although with the majority of parasite larvee this 
is not necessary. In the case of more active larves it is usually possible to 
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prevent movement by previous narcotisation with 1 to 2 per cent, urethane 
solution. The exact concentration required must be determined for each 
individual case. 

The indicator must be one having a range somewhere in the region of 
neutrality and which is non-toxic at the concentrations necessary for the colour 
change to be easily visible in the thin layer under the coverslip. The indicator 
found most useful was cresol red. O-CUorophenol indophenol at a strength 
of 0-1 to 0-5 per cent, was also employed. It has the advantages of being 
directly soluble in water, giving a very intense colour in dilute solutions with 
an easily visible colour change from blue (alkaline) to red (acid) between Pq 
6*0 and pa 7*0. In addition, phenol red and brom-creaol purple were used 
occasionally. The indicators were used in solutions of known between 
8*3 and 7*3 obtained by using different concentrations of NagCOa between 
0*0025 N and 0*00025 N (Saunders, 1923). 

An attempt was made to obtain quantitative results by plotting tlio area 
of colour change obtained around a respiring larva by means of a camera 
lucida and then calculating from the volume of fluid undergoing the change 
the total putput of CO, in a given time. It was found in practice, however, 
that the line of demarcation between the changed and unchanged indicator 
was so indefinite that it was impossible to determine with sufficient accuracy 
the outer limits of the area and consequently the results were unreliable. 

In the case of larger forms a solution of Imrium hydroxide Was also used to 
demonstrate carbon dioxide output, but with smaller larvae this method is 
unsatisfactory owing to the difficulty of seeing very minute c^uantities of the 
white precipitate. 

For studying the absorption of oxygen the biological indicator method was 
employed. As is well known, this consists in making use of the fact that certain 
organisms, especially flagellate protozoa, migrate to a region having a certain 
optimum oxygen tension lower than that in water saturated at atmospheric 
partial pressure. When a culture of a suitable organism is run in under a 
raised coverslip the organisms will at once form aggregations at those surfaces 
of the larva where oxygen is being absorbed from the fluid. As the tension of 
oxygen falls below t^e optimum, the flagellates will retreat from this region, 
leaving a clear space and moving outwards in crescentic formation as a retreat¬ 
ing band with the respiring surface as its centre, till they come to lie as a narrow 
strip dose to edges of the coverslip. 

This method was first used for the study of the respiration of certain aquatic 
insects by Fox (1921), Bodo being the flagellate employed. Fox obtained his 
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material from grass infosionB in tap water and at first the present writer used 
the s a m e method, the forma thus obtained being OAsbrnonos, ParamcBeium and 
Ptiytoma sp, nr. uveUa. The cultures obtained fimn infusions were, however, 
found to be unsatisfactory in various ways. They were, of course, never 
pure cultures and, after the fourth or fifth day, were usually highly con¬ 
taminated with bacteria which hinder the flagellates from forming their 
usual clear bands. Thus it was impossible to ensure that any two experiments 
were being performed under identical conditions since no two cultures were 
identical in composition. 

In order to enable the experiments to be carried out under properly controlled 
conditions, it was clear that pure cultures of a single organism would have to 
bo used. A number of different organisms were tested, including Polytoma 
uveUa, Cdpaium colpoda, Goniu7H, and various motile bacteria, B. mesenlerious 
vulgatus^ B. myooidea (Hewlett), B, aroidewy B. subtHiSy Hoy. Of these Poly- 
toma was found to be the moat satisfactory. It was grown in pure culture 
in a glycocoU medium of the following composition :— 


Sodium acetate . 0*2 gm. 

GlycocoU (amino-atretic acid) . 0*2 gm. 

Glucose . 0*2 gm. 

K^GO, . 0*6 gm. 

Mg 804 ... 0-01 gm. 

KjHP 04 . 0-02 gm. 

Water . 100 c.c. 


The medium, adjusted to the desired />q, was placed in sterile teat tubes, 
preferably of hard glass, and sterilised in the steamer in the usual way. Sub- 
oulturing was carried out by means of long sterile pipettes of hard glass. In 
this way stock cultures were kept going satisfactorily for eighteen months, 
sub-culturing being necessary about every 20 days. When required for use in 
the experiments special sub-cultures were made from stock. 

Petyioma grown in this way go through a regular cycle of changes during 
which they vary in their activity and rate of reactiem to stimuli. They attain 
their density about the fourth or fifth day. It was found that 

aggregation and banding take place with greater speed and intensity when the 
culture is from 48 to 72 hours old and consequently only cultures of this age 
were used in the experiments. 

It was found possible to grow Polytoma satisfactorily at a considerable range 
of Pb. They will live and behave normally at any Ph between 6-6 and 9-4. 
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An acidity greater than pn rapidly fataL No attempt was made to 

grow them at a Ph higher than 9*4. Owing to the buffering of the fluid the pu 
is found to remain approximately constant throughout the life of a culture. 
OohureB at any pn within the range above mentioned are quite satisfactory 
for use, but increased alkalinity of the medium, up to about 8*8 or 9*0, tends 
to increase somewhat the activity of the flagellate and consequently the rate 
of banding also. Thus a culture at pn 9-2 will have formed a band at the 
edge of the coverslip in 16 minutes, whereas at pn 8-0 the same culture will 
require 35 minutes, and at Ph 7*2 and 6*0, 70 minutes will elapse before 
the same stage is reached. If the results are to be comparable it is necessary, 
therefore, always to use a medium of the same p^. 

In the case of Bodo, Fox showed that the spontaneous aggregation of the 
organisms was the result of active orientation of the flagellates to a specific 
oxygen tension and not to a specific hydrogen ion concentration. It is, how¬ 
ever, well known that in certain protozoa, Spifosiomufn (Saunders, 1924), 
as well as spermatozoa of Ntreia and other organisms (Oray, 1922), which show 
similar aggregations, p^ due to dissolved GOg, and not oxygen tension, is the 
dominating factor. It was, therefore, necessary to determine which of these 
two factors was the dominating one in the case of Pdytoma. The fact that the 
flagellate while in a buffered medium behaves in an identical manner to Bodo 
in the various experiments described by Fox, suggests at once that Og tension 
and not pu is the factor involved. This is confirmed by the following experi¬ 
ments. When a culture of Polytoma, at pn 9-0, coloured with thymol blue, is 
allowed to band under the coverslip in the usual way, no difference in pn can 
be detected between the inside and the outside of the band, till long after the 
band has reached its final position. If then the banding is due to a pg reaction 
the optimum must be so little below pg 9*0 that the difference is not distin¬ 
guishable oolorimetrically. But yet the flagellate will also form aggregations 
and bands in fluid at any pg above 6*0. Again, a culture of Pohfioma in 
glyoocoll medium at pg 9-0 and some fresh medium at pg 8*0 ore run in 
simultaneously at opposite ends of a long coverslip raised on wax feet. If the 
aggregation was due to preference for a region of pg lower than 9*0 then a 
dense band should form immediately where the two fluids meet. This does 
not happen; the mode of aggregation and the subsequent banding being 
identical with that which takes place in a control experiment in which the 
culture fluid and the fresh medium are at the same pg. The behaviour of the 
flagellates in light and in darkness appears to be identical. 

It will be seen that there are other advantages in uaing pure cultures in a 
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mediom of known and constant composition besides the ones mentioned above. 
By this method the necessity for filtering the culture through bolting silk is 
avoided, it merely being necessary to bubble air through the culture before use 
to ensure saturation with oxygen, and the use of a uniform culture fluid elimi¬ 
nates variation in behaviour due to differences in nutrition or food requirements. 
Finally, immersion in the glycocoll medium does not appear to have any 
injurious effect on even the moat delicate parasite larvce. 

When required for use, a few cubic centimetres of fluid are pipetted off from 
the top of the fluid in the tul>c and transferred to a watch glass. All glass 
used must be scrupulously clean. The larva to be used in the experiment 
should be washed first in a few drops of the culture fluid. Since the flagellates 
are themselves absorbing oxygen they will, of course, in time go through the 
same manceuvrcH even though no larva be present under the coverslip, but in 
this case the aggregations will l)egin simultaneously at various points after a 
much greater lapse of time. A control experiment, in which no larva is present 
under the coverslip, must, therefore, always be started at the same time, and 
if aggregations at the surface of the larva do not begin at an appreciable time 
before they occur in the control the results must be considered as untrust¬ 
worthy, Other control experiments were performed frequently throughout 
the course of the work. Thus larva) killed by heat or other means always 
failed to give results. As a further test the various methods were also employed 
frequently on a variety of aquatic larvo) and were found to give consistent 
results; the respiratory function of the trachi^al gills of Ephemerids and 
GyrinidSy for instance, being demonstrated in a most striking manner. An 
account of these experiments will be published later. 

As a further test for oxygen consumption, the method of using a culture of 
luminous bacteria, first suggested by Beijerinck (see Kostka (1929)), was 
employed with considerable success. This method consists in taking advantage 
of the fact that the luciferin-luciferast) action which results in the production 
of light can only take place in the presence of oxygen. The test has been 
shown to be exceedingly delicate, since the light is produced in concentrations 
of oxygen os low as 0*0007 per cent. 

The stock of B, phosphorescens was grown in pure culture on slants of salt 
agar. When required for use cultures in a liquid medium were set up. The 
medium used consists of a fish broth with the addition of 0*6 per cent, glycerol!, 
0*6 per cent, peptone, and 3 per cent. NaCl, adjusted to a pu of 8*0, For use 
the fluid culture is diluted with 1-2 volumes of distilled water, aerated, 
and jun in under the coverslip in the same way as the Pdlytoma cultares, 



466 


W. H. Thorpe. 

save that the experiment is carried out in the dark room and all manipiilationB 
performed by the light of a dark-room red lamp. The experiment must be 
watched closely under a low power of the binocular microscope in complete 
darkness. The insect, of course, appears as a black area in the luminous fluid. 
As soon as the oxygen tension is reduced to a certain point the light begins to 
fade and a black area spreads gradually outwards from the respiring larva. 
Eventually the whole of the field will become black with the exception of a 
narrow band around the edge which continues to shine with undiminished 
brilliance. During the course of the experiment a dull red light can be used 
as a mioroBOope lamp, this being switched on momentarily so that the exact 
position of the animal in the growing dark area can be seen and the exact 
width of the dark band at difierent regions of the body can be determined. 
Bince the bacteria themselves are using up oxygen, a control must be run 
simultaneously with the experiment as with Pclytoma, 

This method was found to be very successful with the larger organisms and 
was used frequently. With the smaller forms it is more difficult to work 
satisfactorily, although even with these it served as a useful confirmatory test 
of the results obtained with Polytoma. Its ohief advantage lies in the fact 
that it is absolutely specific for oxygen, oSeots due to varying being com¬ 
pletely eliminated. On the other hand, it has its various drawbacks, the ohief 
of these being the difficulty of manipulation of small larvffi in semi-darkness 
and the length of time required for the work. Not only does each experiment 
take from one-half to three-quarters of an hour, but from one-half to three- 
quarters of an hour, at least, must be spent in a subdued li^t and some 
16 minutes in absolute darkness before the eyes become sufficiently accustomed 
to carry out really accurate observations. Another disadvantage is that the 
bacteria can only be grown in a medium of high salt concentration which, even 
at the maximum dilation possible for accurate experiment, is rapidly fatal to 
more delicate larvse such as Apanidea. 

Caudate Ichneutnonid Larvee, 

Caudate larves arc known to occur in a variety of parasitic Hymenoptera. 
They have been recorded as present in the IchneumanidcB, Braconidw, Chal- 
dim, and Cynipidm. In every case the “ tail ” is at its mftYimum development 
in the first instar, and is progressively reduced in the later stages. This organ 
is seen at its largest in the /cAneumonid^s, and it is with Ichneumonid 
larvffi that the experiments were carried out. The structure of this appendage 
ia shown in figs, 1 to 3 and 6 to 7. 
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Fio. 1.—Pint stage larva of Angilia nana, to illuatrsto the type of tail usually found in the 
lehneumonida. The traeheal system of the right side only is shown. IT tracheal 
trunk. A.G. = anterior commissure. SLT — secondary lateral trunk. FB fat 
body. 



Fiq. 2.—Longitudlnai section of tall of &*ulimneria crasstfemur to show the structure 
oharaotflristio of this t 3 rpe of talL (Redrawn from Thompson and Parker.) Lettering 
as above. HF r= hypodermal fibres. A = anus. P = proctodeum. 

As regards Ichneumonid larvs, tlie following are the chief theories which 
have been advanced os to the function of the tail. Seurat (1699) described it 
as a locomotive organ, Weissenberg (1909) concluded that it was an organ for 



g.—^Longitadlnal section of tall of J^uitmnsfia crasn/mur to show tracheal ending 
typical of snoh forms. (Redrawn from Thompson and Parker.) Lettering as above. 
H hypodermis. 


the storage of waste matter. According to Timberlake (1912) and others it 
must be regarded as a blood gill, and according to Tothill (1922) a tracheal 
giU, this last supposition having also been put forward hy Batseborg and others 
as far back os 1844. The observations of Muesebeok (1918) give support to 




Fig. 6.—Diagrammatio longitudinal section of tail of CremaafiM interruptor to show mode 
of ending of traoheal trunk of right tide. The three fine tracheal hranohee extending 
throaghout the baaal two-thiida of the tail are an unuaual feature. Lettering aa in 
figi. 1-3. C = ohitinous onticle. 



Fig. 7.—^miUr tofi found in Omor^us mniobilis, but with a Iqm extendTe traoheal aupplly. 

Lettering aa in fig. 6. 
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Seurat’s suggestion as regards certain Braconidw, but it seems veiy donbtfnl 
how far it con appl^ to the IchneumonidcB. In the majority of oases, first 
stage lohneumonid Iotvbd seem to be capable of very little movement, and 
moreover, the tail is practically, If not entirely, devoid of muscles. Weissen- 
berg’s theory appears to have no more evidence to support it than that of 
Seurat, 

With regard to the blood gill supposition, it is obvious that in order to be an 
efficient blood gill an organ must have a good blood circulation. This does 
not exist in any of the larvee that I have observed nor, as far as I can discover, 
in any that have been described. The theory that the tail is a tracheal gill 
rested mainly on Tothill’s description of an extremely rich supply of tracheo 
supplying the cells within this organ, but 
Thompson and Parker (1930) have shown 
these observations to be erroneous. In 
the majority of forms the tracheal supply 
in the tails is confined to the two main 
tracheal trunks which terminate in the 
fat body in the base of the organ (fig. 3). 

The somewhat greater tracheal supply 
found in C. interruptor (fig. 6) appears 
qnite exceptional. 

The suggestion put forward by Ayers 
(1884) that the tail and embryonic appendages found in the primary larvfie of 
many Prodotrypids and Cynipid$ arc respiratory in function appears hardly 
worthy of serious consideration. That such minute larvflB should need special 
respiratory organs is hardly credible. 

Experinienls with Caudate Ichneujnonid Larvw. 

The following larvee were used for experimental purposes :— 


Parasite. Host. Experiments. 

Campoplex phthorijnew Cush- Phthorimea opemdeUa, Zell. .. 12 

man (sp. t). 

Cremastus interruptor, Grav. Rhyaoionia buoliana, Schiff. .. 26 

Omoryiu mutabilis. Holing. .. Rhyacionia buoUana, Schiff. .. 6 

Total . 44 


AC 



Ffo. a- -Tracheal supply of right ride 
of head and first segment of Crt- 
modus interruptor. Lettering as in 
fig. 1. 
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As regards all these larvBe the experimeuts gave no indioatioii that the tail 
is of importance as a respiratory organ, either for the absorption of Og or the 
elimination of CO|. Figs. 9, a-d, give typical examples of band formation. 
In the majority of experiments the tail produced no reaction at all. In only 
one case, an experiment with 0. ifUerruptor^ was there any visible reaction of 
the flagellates to the tail itself, and then only at the base and this was 



Fxo, 9.—^Aggregations and banda formed by 48-hoiir culture of Pciytoma with first stage 
larva of Omorgus muiabUie, selected as a typical example of the experiments with tailed 
lohneumonid lorvaa A, 6 minutes; B, 7 minutes; C, 10 minutes; D, 16 minutes, 
Ooiresponding stages in the control experiment were reached 6 minutes later. 

quite subsidiary to the reaction at the surface of the post-erior body region. As 
^hown in fig. 9, the aggregations were usually first noticeable on the ventral 
surface of the thoracic segments, later appearing dorsally and on the ventral 
surface of the posterior abdominal segments. No sign of respiration was 
visible at the head. 

In the indicator experiments, the first colour change was also always to be 
seen at the ventral thoracic surface, later spreading over the body. Eventually 
a slight change could iiaually be observed at the base of the toil, but it always 
was quite secondary and often absent. 

Similar experiments with the later stage larves in which the tail is very much 
reduced or completely atrophied always gave a general body surhoe reaction, 
there being no evidence of localisation of respiration. 
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Vesicle-bearing Braoonid Larvm, 

In a number of Braconida the second stage larva (fig. 10) is provided with a 
bladder-like organ at the posterior end of the body formed by the evaginated 
prootodsBum. It is withdrawn towards the end of the last instar when the 
larva leaves its host and spins a cocoon externally. This organ is known to 



I til III 

Fig, 10.—^Late second stage larva of ApanifUa, 


occur in the following subfamilies, Mierogosterine (Microgaalerj ilpan/efes), 
Agathinee (Orpilus), and ChcloninsQ {Ascogaster)^ while a somewhat sinxilar 
eversion of the reotum is known in the Macrocentrinee. In addition, what 
appears to be a homologous structure is described in the aberrant genus 
BatuAuSi now placed among the Ophionine Ichneumonids, 

Since the time of Ratseburg there has been much rather fruitless speculation 
as to the function of this structure. It is not necessary to discuss this in 
detail; suffice it to say that opinion has been fairly evenly divided between the 
hypothesis that it is a blood gill and the supposition that it is primarily an 
excretory organ. The gill supposition has much more to support it in this 
case than in that of the caudate larvre, since in the only forms (ApafUdes, 
Mioroga^er) which have hitherto been thoroughly investigated a good blood 
circulation is present. Moreover, the lorvee are of a si^e such that a special 
respiratory organ might be deemed necessary. 

Orandori (1911), who was the first to make a detailed investigation of the 
structure firom an anatomical and histological point of view, showed that in 
Apanldes the greater part of the cavity of the vesicle is actually filled by 
the posterior chamber of the dorsal vessel. From this fact he favours the bloofl 
gill hypothesis, but on histological grounds he suggests that it has also an excre¬ 
tory function. Finally, since he describos the fore gut as closed in the species 
dealt with, he is constrained to suggest yet another rdlo for the vesicle, namely 
that of food absorption. 

However, the extent to which the apparatus varies as regards structural 
detail in the different genera has not hitherto been realised. It is aocordii^ly 
unsafe to generalise as to function from examination of, or experiment upon, 
one type only. 
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Figs. 11 to 13 show in diagrammatio form the differences in struotare between 
the three main t^pos. 



Fra. 11.—Diagrammatio longitudinal seotion of anal veaicle of ApanUUa glomeratus^ 
(Partly after Qrandori.) HtC = cavity of heart. UtW = wall of heart. H >» 
hypodermia. M = moeentcitin. P ~ prootodmom. C = ohitinoua ontiole. Am = 
outer membrane formed from the porBistent amnion. E = “ excretory droplets.'* 


Expenmef}ts with Veside-bearing Larvee, 


The following larv» were used for experimental purposes :— 

Parasite. Host. No. of 

experiments. 

Type 1. Microgaater sp. {congregati’ 24 

formiSf Vicr. ?) 

Ascogaster gfiodridenlalus, Cydia pomoneUay L. 2 

Weam. 

AparUdes poputariSf Hal. .. Tyria jaoobaew, L. 36 

Type 2. OrgUus obscurator, Nees. Rkyaoionia buoliana, Schifi. 26 

Total . 87 


As regards the oxygen absorption of type 1, the results are illustrated by 
fig. 14, A-F (p. 465). There appeared at first to be a good deal of indiyidnal varia¬ 
tion, in some individoala the vesicle apparently having less respiratory function 
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YjQ, 12.—Diagramniatio longitudinal aeotion of anal voaicle of OrgUus to choir 

redootion of oavlty do© to inoroaoing thioknotf of proctodDunXi Not© absonoe of 
outer amniotio mombrana A = flwt instar. B eariy second instar. C = late 
second instar. Lettering oa fig. 11. 

the rest of the body. This was found to be due to the fact that larva 
of this type are very delicate and that manipulation sometimes causes cessation 
of the heart beat within the vesicle and partial withdrawal of the vttsicle itself. 
He results of experiments in which this happened had therefore to be dis¬ 
carded. The illustrations are taken from experiments in which the heart and 
vesicle were acting normally throughout, and show fairly uniform results. 
Aggiegati(»ia were usually first observable at the posterior region of the body, 
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becoming noticeable at the vesicle and at the rest of the body sorface some 
20 to 30 seconds later. These aggregations at the general body surface are 
especially noticeable in the case of Apantdes popylaris, which has a very dense 
subcuticular network of fine trachesB over the whole body. 



Flo. 13.—DUgram of voaiole struoture in Banoktts femoralis, (Redrawn from BledowsU 
and Krainska.) Lettering as fig. 11. 

Table I.—Showing time in minutes taken to reach given stage of band formation 
in five experiments with second stage larvro of Apantdea popuJaris, 


tage of band 
formation 
■eo fig. 14). 

1 

Experiment 

i 

Experiment 

2. 

Exporimont 

3. 

Experiment 

4. 

Experiment 

0. 

ControL 

A 1 

31 

1 

1 { 

n 

11 

li 

10-12* 


fi 

21 


3 

34 

_ 

C 

7 

0 

8 

ft 

s 

— 

D 

111 

10 

74 

8 

114 

— 

E 

14 

1ft 

13 

11 

14 


F 

18 

20 

in 

101 

18 

80 


* Time at whioh first aggregation observed. 


Table II.—Showing time in minutes taken to reach given stage of band forma¬ 
tion in six experiments with Orgdus obscurofor with second or late first 
stage larvffi. 


Stage of band 
formation 
(see fig. 1ft). 

Experi¬ 

ment 

1. 

1 Control. 

1 

1 

Ezpori- 
1 ment 

3. 

Experi¬ 

ment 

3. 

Experi¬ 

ment 

4. 

Experi¬ 

ment 

ft. 

Experi¬ 

ment 

6. 

Control. 

A 

2 

14* 

4 

4 

3 

2 

3 

18* 

B 

■ 3 

— 

10 

7 


6 

ft 

— 

C 

12 

— 

1ft 

18| 

111 

8 

7* 

— 

n 

17 

— 

2ft 

16 

IS 

18 

Hi 

— 

E 

22 

1 

30 

30 

80 

18 

17 

16 

35 


* Time at which tint aggregation obwrved. 
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Id the case of type 2, a aomewhat diffoent leault was obtained, aa might be 
expected in view of the differences in structuie and relative size. When, as 



FiO. 14.—Ciuuraotemtio PalyUma band foitnaiicm with Ute seoond vtage larva of ApanUUa 
populafu. A, 1 minute; B, 2^ minutes; C, 5 minutes; D, 10 minutes; E, 15 
minutes; F, 20 minutes. 


in the early second instar, the vesicle is small it appears to have no respiratory 
function whatever. In the later second stage, though larger, the blood flow 
is still very imperfect and the prootodeal epithelium very thick compared to 
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that seen in ApatUdes (fig. 16). Aa fig. 16 indicates, even when the vesicle 
is at its HiftTimiim development it is of comparatively little importance com¬ 
pared to the rest of the body surface, although respiration is proceeding rather 
more rapidly at the vesicle than at the head region. 

Experiments with indioators completely confirmed the results obtained by 
means of Pclytoma cultures. In other words, as in the case of the caudate 
larvEB, there appears to bo no significant difference between the methods 



Fio. 15.—Diagram to iliuntrate band formatioii with Orgilus obacuralor, a form with a leas 
efficient type of vesicle. Dotted lines illustrate poeitionB reached by hands at the 

foUowing times.-A, 2 minutes. ——*—. B. 4^ minutes. H-1-1— 

C, 7 minutes. —o—o—o D, 9 minutes. -•-•-E, 12 minutes, 

of oxygen absorption and carbon dioxide elimination. Special care is, 
however, necessary in the use of chemical indicators on larvm of the 
vesicle-bearing type on account of their sensitivenosB to injury and to 
unfavourable experimental conditions; otherwise the results may be quite 
misleading. Thus it was found necessary to use the indicators in concentra¬ 
tions as weak as possible and dissolved in isotonic solutions, otherwise the 
contraction of the posterior heart chamber is stopped and the prootodeal 
layer begins to be withdrawn. The vesicular cuticle is penetrated imme¬ 
diately by a great variety of dyes, the prootodeal layer taking up stains such as 
methylene blue, carmine, o-ohlorophenol indophenol, and various indioators 
within a few seconds. This sensitiveness rendered the use of the luminescent 
bacteria method unreliable in this particular cose, nor could barium hydroxide 
solution be employed satisfactorily. This latter reagent, however, while it 
disorganisos the vesicle immediately, leaves the body of the insect unaffected 
for a considerable time and with it the activity of the saboutioular network 
of tracheflB in the elimination of COg could be demonstrated under a moderately 
high power of the microscope in a most striking manner. In the case of ^ 
Apantdea the amnion persists as a delicate membrane enclosing the vesicle 
(fig. 11). This is highly permeable to dissolved salts with the result that 
the fluid within it rapidly assumes the same as the salt or Binger's soihitioa 
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into which the larva is first dissected. Consequently the larva must be left 
in a few drops of the indicator finid for a short while before an experiment is 
begun, otherwise the results will be unreliable. 



Fro. 16.— Type of band formationH obtained with fully-grown Bracouid larvn after yedole 

has been withdrawn. 

ExperimentB with later stage Braconids, which arc preparing to leave the 
host and in which the vesicle has been withdrawn, showed, in all cases, an even 
body surface respiration. 

Conclusions. 

With regard to the caudate Ichneumonid larva it is safe to conclude from 
these ejperiments that the tail is completely negligible as a respiratory organ. 
This conclusion is fully in accordance with the fact that the tail diminishes in 
relative sise as the larva grows, even though respiration is still entirely cutaneous. 

The sponsors of the respiration theory have attempted to overoomo this last 
objection with the statement tliat as soon as the tail disappears a tracheal 
system with open spiracles is developed. There are, however, serious flaws 
in this aigument. Firstly, in every case known to the writer, the tail is 
definitely reduced in sue before the spiracles are in contact with the aii. 

Secondly, although in some cases it may be true that the drying up of the 
host’s body fluids results in the open spiracles gaining access to the air sooner 
than is supposed, yet there are many instances in which the toil is greatly 
reduced by the commencement of the second stage, whereas the larva is 
endoparasitio in a liquid medium till the end of the third instar. 

To account for such inconvenient objections, many writers have assumed 
that an open spiracle system can function by diffusion of dissolved oxygen 
from the host’s blood into the open spiracles even though the larva is totally 
immerBed. Such a theory seems to the writer quite incredible, and ejqperiments 
on toch larva with cultuies and indicators give it no support whatever. A 
mAP tracheal system exposed to the aiz will function solely by diffusion. 

2 L 
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In air the rate of diffusion of a gas is so rapid that even the minute ttaoheal 
openings are sufficient. But when the gas is dissolved in a fluid its diffusion 
rate is, as is well known, very greatly retarded. That a simple tracheal system 
of a typo suited to aerial respiration could also function efficiently when 
immersed in a liquid with a low 0| tension such as insect blood, appears highly 
improbable, however low the oxygen tension within the tracheal system might 
be. Such a system can only work when there is a large gas surface in contact 
with the fluid to act as a diffusion membrane; as is the case in many adult 
aquatic insects which carry “ air stores ” entangled in the pubescence of the 
ventral surface, and thus in contact with the spiracular openings. But in 
the case of the parasitic larva the only surhoe of contact is the minute area in 
the mouth of each spiracle. 

In those Braconids (e.g., AparUdes) in which the vesicle is large and an 
efficient circulation is present, the experiments show that it is responsible for 
an appreciable proportion of the total respiration, but, while it undoubtedly 
serves to increase the respiratory surface, it is not a gill in the sense of being the 
sole or even the chief respiratory organ. Even where it attains its greatest 
development gaseous exchange is taking place at a rate little, if at all, faster 
than that at the greater part of the body surface. 

In both MierogaOer and Apantdea simple calculations indicate that the surface 
area of the vesicle at the time of its maximum development amounts to 
approximately 27 per cent, of the total area. We are probably safe in assuming 
from this that the vesicle, at the most, does not account for more than'one-third 
of the total respiration. Nevertheless, it is quite probable that for a larva as 
large as ApmOdea populorit (length 6 mm. to 8 mm.) such an increase in respiia* 
tory Bur&ce is of considerable value. In forms where the vesicle is small or 
the blood circulation inefficient {e.g., Orgihu), its respiratory function is much 
lees and may be almost nil. 

The fact that the vesicle functions even to some extent as a gill indicates that 
the blood must act in some degree as a carrier of oxygen. There is very strong 
circumstantial evidence to show that this is the case in many insects (see Wig|^> 
worth, 1931), but actual proof is lacking, save in those forms having hssmo* 
globin. 

Perhaps the most striking example is that of the terrestrial larva of the 
Geratopogonid Fordpomyia (Frew, 1923) which lacks open spiracles. 

-there seems no doubt whatever that the blood must be reqiiratoty in function. 
In the aquatic Chironomids, which have a closed and very poorly developed 
tracheal system, the work of Leitch (1916) has shown that even though homo* 



469 


Respiration in Larvce of Parasitic Hymenojdera. 

globin is present it is non-functional at pressures above 7 mm. of oxygen^ and 
that under these conditions simple physical solution, quite apart fromthe presence 
of a pigment, is sufficient to supply aU the needs of the insect. There are also 
many other Chironomids of similar structure and mode of life which lack 
hffimoglobin entirely. 

There remains the question as to whether the vesicle has any other function 
besides that of respiration. Grandori, working with A. glomeratua^ concludes 
from histological evidence that its chief function is that of excretion. He 
describes excretory droplets ” in the outer margin of the epithelial cells and 
also in the cutioular layer. These droplets can also be seen in A, populom, 
but are less conspicuous in Orgilus, Whether they are truly excretory appears 
very doubtful. As Ghitenby (1919) observed in Microgaater the outer part of 
the cells is crowded with lipoid matter in the form of a granular cloud.” 
Granules of this type are clearly visible in A. poptdaris ; in the fresh condition 
they stain with osmic acid but not markedly with Sudan III. 

In addition to excretion and respiration, Grandori also assigns an absorptive 
function to the vesicle because he describes the fore gut as closed in the second 
instar. This closure does not appear to have been recorded in any other 
species and the stomodmum is definitely open in all those I have seen. In 
J.pajndorw, however, no solid food isabsorbed till towards the end of the second 
instar; previous to this blood only is ingested, although OrgOus and Miorogaster 
commence to take in solid matter at an earlier stage. As a rule the veeicle 
shows no signs of fat absorption till the later larval life, when in A, poputaris 
and Miorogader a certain amount of true fat is undoubtedly present, but not 
as a rule before the fat body of the host is being taken into the gut. If, there¬ 
fore, food absorption is one of the functions of the vesicle in the early stages it 
must be chiefly concerned with substances other than fat. 


(1) The object of the work described was to obtain some direct evidence as 
to the alleged respiratory function of the ” tail ” of endoparasitic Ichneumonid 
larvm and the *' caudal vesicle ” of Braconids. 

(2) Methods of biological indicators for studying the oxygen absorption are 
described in detail. The flagellate Pdytoma uvdla was the form found to be the 
most useful, since oxygen tension was shown to be the main factor oontrollmg 
its movements. The luminous B. phoaphonacenB was also employed, the 
luminescence of which is dependent on the presence of oxygen. Carbon dioxide 
output was investigated mainly by means of p^ indicators. 


2 X. 2 
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(3) It IB concluded that the “ tail.” which is such a oharaoteristio feature of 
many first instor lohneumonids. is of no importance for respiration. It is 
shown that the experimental results are in accord with those obtained from a 
study of structure. 

(4) With regard to the caudal vesicle of the Braoonids, it is shown that 
there are considerable differences of struoture in different genera. Where the 
vesicle is large and supplied with a good blood circulation, experiments show 
it to be of undoubted importance as a respiratory organ. It is, however, not 
the sole, nor even the most important, organ of respiration, gas exchange taking 
place over the whole body surface. It is concluded that in Apanldes and 
Miorogasier the vesicle, when at its TnaxiTnum development, cannot be respon¬ 
sible for more than about one-third of the total respiration. In other forms. 
e.g., Orgihu, its respiratory function is leas. 

(6) Other theories as to the function of the caudal vesicle are briefly dis¬ 
cussed. 
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The Development and Function of the Heart and Pericardium in 

Echi’nodermata. 
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(DoUege of Science and Technology, London. 
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[Platks 40-43.] 

The investigations which form the subject of the paper were begun with the 
object of verif 3 ring the statements made by several authors with regard to the 
origin and development of the so-called “heart” or pericardial vesicle of 
Echinoderms. A study of the literature soon led to the conclusion that our 
knowledge of the development of the organ was somewhat defective and that 
a thorou^ revision of its development and ultimate fate would be desirable. 
This work has occupied my attention for the last two years and the results 
obtained have been fairly satisfactory. 

Hidorioal Bmmi. 

The Echinodermata ofEer a number of most interesting problems to the 
comparative physiologist. They are in many senses the lowest animals, from 
the pomt of view of organisation, which possess a true coelom or secondary 
body-cavity. It was always assumed by earlier naturalists that these animals 
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most have a circulatory system and strenuous efforts were Blade to find a 
heart and blood-vessols. None of these efibrts has been very successful beoause 
the so-called vessels were found to be mere rents in the loose oonneotive tissue 
without proper walls of their own, and further, no connection could be traced 
between vessels in one part and those in another part. The faet that these 
vessels owe the honour of being denominated blood-vessels at all is because 
they contain a ground-substance, which unlike the ground-substance of the 
rest of the connective tissue, stains with aniline dyes such as eosin and methyl 
green. If there is to be true circulation some part of the system must be 
rhythmically contractile and so a heart had to be found. A pillar-like organ, 
lying alongside the stone-canal in Echinoidea, Ophiuroidea and Asteroidca, 
was selected for the r61e. Unfortunately, in Holothuroidea, where the so- 
called vessels are best developed, it is absent and this fact may be correlated 
with the elongated shape of the animal and the contractility of the body wall. 
Later, as repeated observation had failed to detect any sign of its beating, the 
non-committal term of ** pseudo-heart ” was adopted for it. It is now proposed 
to call it the pericardial vesicle.” 

As far back as 1863, Hensen (1863, p. 246), in his description of Brachiolorue 
captured in Kiel Harbour, had mentioned that there was a pulsating heart- 
vesicle, on the dorsal side over the junction of the cesophagus and the stomach, 
which contracted about five or six times a minute. Later Metschnikoff (1869, 
p. 63) referred to the presence of a airaibir organ close to the pore-canal in late 
Echinid fiuiei. These observations seem to have been lost sight of, for the 
next reference is an independent observation of Bury*s (1889, p. 74) who 
observed a alight pulsation of the organ in both Echinids and Asterids. He 
called it the dorsal sao.” Field (1892) discovered it in the Braohiolarice 
of Ailerias wdgam, but he does not record any pulsations. Qoto (1898, p. 56) 
is rather confused in his account of the pericardial vesicle as he seems to have 
mistaken it for the epigastric coelom. Matterman (1902, p. 388) refers to this 
vesicle in Cribrdla as the central coelom and mentions that it goes to form the 
cardiac vesicle of the adult. MaoBride (1896, p. 349 ; 1903, p. 299), working 
on AsLerina gibboaa and later on Echinus miliarisy E. esculentus and E. actUus, 
identifies the pericardial vraicle with the xig^t hydroooelic rudiment. In his 
(1918, p. 40) paper on Echinocardium he rejoots that view and refers to it as 
the madreporio vericle. A good reference to the pericardial vesicle is found in 
the works of Gemmill (1912,1914,1916), who was able to identify it in Solaster 
endeoa, Aslenas rubens and Porania jndviUus. He was able to see pulsations 
of this vesicle in all the types mentioned above. 
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Materials and Methods. 

The material for this work waa obtained by artificial fertilisation of sea- 
nrchina and star-fiah at the Huxley Research Laboratory. The cultures wcxe 
fed on Nitssohia. 

The lar^ were preserved mostly in ^ per cent, osmio acid followed by MiiUer’s 
fluid and then by gradual changes transferred to 90 per cent, alcohol. A few 
larvffi were fixed in Flemming^s fluid without acetic acid and Bouin’s fluid. 

For purposes of section cutting the celloidin in parafiin method of embedding 
was used. The sections were cut mostly transversely as in such sections the 
pericardial vesicle could be studied clearly. They were stained usually in 
Delafield’a hsematoxylin which was sometimes followed by alcoholic eosin. 

Description. 

Echintis miliaris. 

In serial sections of larva) about 26 days old the pericardial vehicle appears 
as a small horizontally flattened vesicle on the dorsal aspect above the junction 
of the oasophagus and the stomach, immediately to the right of the pore-canal. 
Since it is situated dorsally to the main portion of the right ocelomic sac and 
is at the some time nearer to the median plane, it is impossible to show at any 
one particular section its true relations, and its development can only be 
studied in serial transverse sections. < 

Stage I. Origin and Early Devdoptmnt .—The pericardial vesicle makes its 
appearance about the seventeenth day. By this time the third pair of larval 
arms have begun to develop. On the left side the ccelomic sac has divided 
into a left anterior and a left posterior coelom. The stone canal and the left 
hydroeoslc are clearly marked out. The rudiment of the invagination which 
goes to form the ambulatory surface or “ oral disc ” has been formed. On the 
right side the coelomio sao has divided into anterior and posterior halves. There 
is no sign of the formation of any structure corresponding to the hydrocoele 
on the right aide. When serial transverse sections of larvn about 17 days old 
are examined, and the right anterior coslom traced backwards carefully, it 
is found to taper off into a narrow string of cells. This string extends almost 
to the mid-dorsal line of the cBsophagus and there ends in a thickening (Plate 40, 
fig, 2). The growth of the thickening is inwards towards the mid-dorsal line, 
that is towards the left side of the right anterior coalom. In other words, it 
extends dorsally and not posteriorly. Between the nineteenth and the twenty-* 
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fint days after fertilisation the thickening becomes separated from the right 
anterior coelom and forms a little solid mass of cells lying dorsal to the 
oBSophagus to the right of the pore-canal (Plate 40, figs. 3 and 4). At this stage it 
was seen by Bniy (1889) and GemmiU (1914). Sometimes this mass is seen to 
be connected with the right anterior coelom exactly as MaoBride (1903) saw it in 
Echinus esoulentus and E, miUaris. This oellnlar knob may consist of three or 
four cells. The posterior part of the right anterior coelom from which these 
cells originate is at a slightly higher level than that part of the left anterior 
coelom from which the left hydroocele takes its origin. In certain abnormal 
larvae of E, mUiaris a right water-vascular rudiment is developed exactly 
like that on the left side, below the point of origin of the madreporio vesicle. 
The growth of this right hydrocosle is posterior-wards. 

Stage IL 21-30 Days ,—^At about the twenty-third day this solid nodule 
of cells acquires a lumen in its middle (Plate 41, hg. 5). The cavity thus formed 
extends and the cells multiply and are pushed outwards towards the periphery 
to form the walls of the vesicle. The pericardial vesicle is more or leas rounded 
in shape and the cells bounding its walls are arranged rather closely and not 
unlike the cells bounding the water-pore. By this time the posterior divisions 
of the coBlomic sacs have extended backwards so as to meet each other at the 
posterior pole of the larva. The invagination which is to form the oral disc 
of the adult is now closed off from the exterior. Its cavity, the amniotic cavity, 
has come into close contact with the flattened pentagonal hydroccele. The 
left posterior ccslom has sent forward a dorsal horn. Now, the vesicle gradually 
increases in size extending dorsally towards the middle line (Plate 41, fig. 6). 
When it has just become hollowed out it is definitely to the right of the middle 
line immediately to the left of the right anterior coelom. The more or leas 
circular shape is lost and it becomes horizontally flattened. At the same 
time the ceUs in its thin wall become flattened and elongated and draw apart 
from one another. The wall of the vesicle is thin and is composed of a single 
layer of loosc^-set flattened cells. The vesicle begins to pulsate at about this 
time. The |M^tions occur in the floor (ventral wall facing the oesophagus) 
which is periodically pushed upvrards. The pulsations occur about 26 times 
a minute. When sections of larve about 30 days old are examined the peri¬ 
cardial vesicle is still a flattened thin-walled pulsating sac. No invagination 
of any kind is seen. In other words no trace of a heart as distinct from peri- 
caidinm is distinguishable. 

Stage HL SO Days to McUsmofjpikosis ,—^During this period the echinus 
rudiment grows considerably in size, the unpaired tube-feet acquire suckers, 
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the radiment of the tooth grown and assumes a V ” shape, and the first three 
pedicellariffi make their appearance. The first traces of the spines appear at 
about 33 days. Both right and left coelomio sacs extend backwards to the 
anus. Between 36 and 40 days the eohinas-radiment beoomes so large that it 
occupies the entire length of the larva. The hydroooele becomes distended, 
and presses against the left side of the stomach so as to flatten it. The dental 
sacs and their contained teeth are greatly enlarged and send out diverticula 
which go to form the radial perihssmol canals. Later, traces of the dorsal 
spines and the adult oesophagus make their appearance. 

In sections of larvee at this stage, ranging from 30 to 45 days, the vesicle 
has undergone a change. In serial sections wc arc able to distinguish in the 
vesicle a lower invaginatod portion and an outer covering layer (Plate 41, 
fig. 7). The invaginated portion is nothing but the in-pushed ventral wall or 
floor of the sac, and the enveloping layer is the dorsal vrall or roof of the sac. 
What really happens in late plutei therefore is that the floor of the sac is in¬ 
vaginated into it and bears the same relation os the heart of a vertebrate does 
to its pericardium. We propose to call the invaginated port the ** heart ” 
and the covering layer the “ pericardium.” The extent to which this invagina¬ 
tion is seen in sections varies in different specimens apparently depending upon 
the mode of preservation. The vesicle itself is more or Im crescentic in shape 
and is widest in the middle, being narrower at the ends. It measures about 
0-06 mm. from end to end and 0-04 mm. in the middle portion. It is situated 
nearly in the middle line and one end of it almost touches the axial sinus and 
the stone-canal (Plate 42, fig. 8). The heart portion is in open communication 
with the blastocoelo below. In sections of larvm preserved in osmic acid and 
Muller's fluid the heart portion stains more deeply than the rest of the blasto- 
ocelic ground-substance immediately surroimding the stomach. The fluid 
which fills the heart was not unlike the blastocGelic jelly and stray cells were 
occasionally seen in the heart portion though the pericardial portion remained 
unstainetl. The pulsations have now quickened considerably, ranging from 
36 to 40 per minute. 

Stage IV, After MetaTnorphosis ,—Soon after metamorphosis in sections of 
the imago there appears on the aboral side of the water-pore a closed vesicle. 
The protrusion of its basal wall which can be compared with the heart of 
Balanoglossus is very prominent and the vesicle as a whole is rather crescentic 
in shape (Plate 42, fig. 9). A solid cord of cells growing into the jelly extends 
inwards towards the concavity of the vesicle which now is filled by the 
blastoccBlio ground-substance. This closed vesicle is Prouho’s “espac^ 
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madreporique ” and the portion of the cord projecting into it is hia “ prooeesua 
glandnlarifl/' the dorsal organ ” of Bury or the “ ovoid gland ” of MaoBride. 
The position of this vesicle is exactly that of the pericardial vesiole of the platens, 
for what is on the right of the pore is on its aboral side in the aSnlt. On the 
left side of the vesicle is the ampoUa or the coelomio enlargement into which 
the pore-oanal opens and from which the stone-canal originated. The axial 
sinus also opens into it, but no connection of the vesicle with the axial sinus 
is apparent. Situated immediately under the madreporic plate the pericardial 
vesicle is distinct from the surrounding structures. 

Atieriaa rvbenB. 

Stage L Origin and Early Development, —At the stage when the pericardial 
vesicle first appears in A, mbena the right and left anterior corioms are promi¬ 
nent. They have not yet united in the pre-oral lobe of the bipimiaria. The 
right and left posterior cceloms have extended backwards to about the middle 
of the stomach. The pore-canal is very prominent. The vesicle arises in 
the same way as in Eohinue miUaris, When transverse sections of larvse about 
17 to 18 days after fertilisation are examined a thickening appears on the right 
anterior coelom above the junction of the oesophagus and the stomach (Plate 42, 
fig. 11). In the next stage this thickened portion is seen to be cut off from 
the anterior coelom and lies towards the right side of the middle line and is 
nearer the right anterior coelom (Plate 43, fig. 12). There is a strand of cells 
connecting this solid nodule with the right anterior coelom. 

In a slightly older larva, about 21 days old, there is a cavity being formed in 
the solid mass of cells, exactly in the position in which the pericardial vesiole 
appears in later larvae, that is, more or less in the mid-dorsal line to¥rards the 
right of the pore-canal. The stage in which the solid nodule acquires a cavity 
I was not able to obtain. But when the vesicle is just marked out there is a 
disconnected string of two or three cells proceeding from it toarorda the right 
anterior coelom. 

Stage IL \^ 24 to 30 Days, —About the twenty-fourth day in serial sections 
the pericardial sac appears os a distinct vesicle. By this time the right and left 
anterior coeloms have united in the pre-oral lobe and the formation of the 
ventral horn of the left posterior coelom has commenced. The vesicle is small 
and horuontally flattened. It is narrower at the right end and wider on the 
side facing the pore-canal (Plate 43, fig. 13). Its position is slightly lower than 
that of the corresponding structure in E, miUafis. The wall of the vesicle 
is thin, being composed of a single layer of horuontally flattened cells* 
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PulflationB ooour now at the rate of 6 to 7 per minute. About the twenty- 
ninth day the left posterior ccelom and the right posterior ocelom are cut ofl 
from the respective anterior cceloms and the hydrocoele pouches become distinct. 
The vesicle does not change in appearance much; only it is longer and narro?rer 
extending to very near the pore-canal. There is no trace of any connection 
with the wall of the pore-canal. In sections no invagination of any kind is 
seen, but in living larvffi the floor of the sac is seen to be invaginated into it at 
intervals. The pulsations have increased slightly, being about 10 to 12 a 
minute. 

Stage III. 30 Days to MelamorpJums .—About the thirty-fifth day after 
fertilisation the brachiolarian arms and the fixation disc appear. Soon the 
ends of the brachiolarian arms become papillated and two papilbe appear 
on either side of the fixation disc. A few da}rs later the larva fixes 
itself by means of the fixation disc and nn^tamorphosis into the imago 
begins. During this time the pericardial vesicle increases in size and 
as the adjacent coelomic cavities have also been expanding it cornea 
to be very close to the middle portion of the right anterior ccelom, 
the dorsal angles of the left posterior ccelom, and the right posterior 
ccelom and, lastly, with the middle part of the left anterior ccelom (Plate 43, 
fig. 14). From all these cavities it remains distinct during larval life as well aa 
during metamorphosis. In later brachiolariffi immediately preceding fixation 
the vesicle measures 0*2 mm. in length and 0*1 mm. in breadth, and thus 
bears no inconsiderable proportion to the size of the larva. Meanwhile the 
basal skeletal plates have appeared and the largest of these overlies the peri¬ 
cardial vesicle rendering the observations of the pulsations difficult. At about 
this time the heart beat ranges between 10 and 12 per minute. In sections, 
the floor of the vesicle appears slightly thicker than the roof, but this is probably 
due to the presence of muscular fibres which are necessary for tlio contractions. 
In the late larval stages just before metamorphosis the floor of the vesicle is 
raised upwards owing to the invagination of the vesicle by the underlying 
spongy tissue to form the heart (Plate 43, fig. 15), which resembles the similar 
structure which we found in E. mUiaris and which wo regard aa homologous 
with the pericardial vesicle and heart of Balatwglosstis. 

Stage IV. After JfetomorpAom.—In sections of the young star-fish the 
pericardial vesicle appears aa a closed sac immediately under the calcareous 
madreporite. Its floor is now permanently invaginated by the spongy tissue 
underneath, which projects into the concavity as the so-called head-process of 
the axial organ. To the left of the sac are the stone-canal, the axial sinus and 
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the modreporio pore. Over the perioaidial vesicle aborall 7 is a divertioaluxa 
freon the stone-canal funnel, this is the ampulla of the stone-canaL A special 
portion of the genital stolon projects into the heart. 

Pubation. 

The point of greatest interest noted in observations from day to day on the 
living larvn of E. miltam and A. mbena was that the wall of the sac, par¬ 
ticularly its floor, contracts in a rhythznic|or sub-rhythmic manner. The larvie 
form most suitable objects for the study of the pericardial vesicle because of 
their extreme transparency. Placed under suitable illumination and in a proper 
position, rhythmical contractions can be clearly seen, and I have observed them 
both from a lateral and a dorsal aspect. When I first observed the contractions 
they seemed to occur at considerable intervals, about 1 or 2 a minute. Then it 
occurred to me that the larvec were probably suffering from asphyxiation and 
as 1 had a culture with a considerable number of larvfis swimming about in it, 
I placed this beside the microscope, removed larvsB from it, placed them in sea 
water in a hollow slide and examined them immediately under the microscope. 
I found that under these conditions the vesicle in both echinoplntei and 
bipinnarias made much more rapid pulsations. The dorsal aspect of the larvae 
is most suitable for studying the pulsations in star-fish and the lateral in the 
sea-urchin, as on the dorsal side the vesicle is sometimes overlapped in the 
latter by clusters of pigment spots and can only be studied with great difficulty. 
In recording the number of boats per minute the average number of beats of 
a large number of larvsD, examined at any one particular stage, was taken into 
consideration. 

The contractions of the vesicle were first recognisable in Echinus about the 
twenty-first day and about the twenty-third day in the case of Asterias. A 
specimen of Echinus, in which the so-called rudiment had attained only half 
its ultimate size, had a vesicle beating about 26 times a minute. One which 
was full grown and just about to metamoiphoee and in which the larval 
OBsophogUB was already occluded showed a vesicle with 40 pulsations a minute. 
There was, therefore, a definite increase in the number of pulsations with the 
growth of the larvee. 

In Asterias, about the twenty-fifth day after fertilisation, contractions 
ooouzied once in every 7 or 8 seconds. Later there was not an appreciable 
increase in the rate of beating. Daring the fifth week there were about 10 
or 12 contractions per minute, and the nomber of pulsations just before meta- 
morphoBis was in the neighbourhood of 12. The fact that the larval heart 
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of the Bea-urohin pubatea about four times as much as that of the star-fish is 
very signifioant. It is quite probable that this phenomenon is oozrelated with 
the activity and nourishment of the two animals in question. 

The pulsations take place as already mentioned in the ventral wall of the 
sac. So far as one can judge, at intervals the floor of the sac swells irregularly 
upwards and is invaginated into the sac, being filled with a fiuid from the 
underlying tissue spaces, and after the contained fluid is displaced the floor of 
the sac descends. The pulsations therefore b^;in at the posterior end and travel 
forwards exactly like the peristalsis of the intestine. The floor seems to move 
forwards with one or two pauses. This is clearly seen in the case of A. nibens. 
It moves almost half-way upwards and then there is a sort of pause, but this 
is of such short duration that it is very difficult to observe it except under the 
high power of the microscope with a coverslip on the larva in a drop of sea- 
water, on a hollowed glass-slide. Then with a jerk, gathering more fluid from 
the bottom, it moves upwards until it almost touches the dorsal wall of the sac 
and empties out its contents and then bulges downwards. The effect, therefore, 
of this irregular motion is to drive the contained fluid forwards. Thu fluid 
contained in the tissue spaces below is the blostocoelic fluid together with the 
juice exuded by the stomach cells as I have tried to prove in the chapter on 
** Discussion.’* The heart then pumps this fluid forwards towards tissues or 
organs removed further away from any other supply of nutritive juice. 

The question now arises whether the heart goes on contracting in the adult 
life of the sea-urchin and star-flsh. As mentioned before, the pericardial sao 
persists in the adult lying under the calcareous madreporite. Qemmil (1918) 
saw pulsations in young ophiurids, and I have been able to see faint pulsations 
in the young imago of OjAiocoma. Further, I have made out pulsations in 
both star-fish and sea-urchins in all stages of larval development as well as in 
early metamorphosis until the growing opacity of the body wall rendered 
further observations impossible. It seems reasonable to assume, therefore, 
that the heart goes on pulsating in the adult life of the sea-urohin and star-fish 
supplying nourishment to the required parts. 

Efffect of Magnesium Chloride and Potassium Chloride on the Bate of Pulsation. 

The invaginated floors of the pericardial vesicle of Bohinodenn larvm are 
comparable to the hearts of other animals like Baianoglossus and as such they 
might be expected to be s^titive to the ionic composition of the fluid with 
which they are in contact. Mines (1912) found that the frequency of the heart 
beat of PeoUn was reduced by the addition of magnesium to the petfnsion fluid. 
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whereas the addition of potassium ions tended to increase the frequency of 
beat. In the case of the pericardial veeioles of the Eohinoderms here being 
considered it is not possible to effect true perfusion as with a heart that can 
be isolated, but it is of some interest to note that when the whole larvee are 
immersed in fluids containing either an excess of magnesium or an excess of 
potassium ions* the frequency of beat of the floor of the vesicles changes in a 
way which is analogous to that of a perfused heart. The effect of magnesium 
was best observed by using a mixture of one part by volume of 0-4 
magnesium chloride solution (containing a little sodium bicarbonate) with 
three parts of normal sea-water; the effect of potassium was observed in 
two parts of 0-6 molar potassium chloride solution (also containing a traoe of 
sodium bicarbonate) with ten parts by volume of sea^water. The data in 
the table arc typical of the results obtained. 

Table. 



Ka«ol 


Trusfer te nonasl sea-water 
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Discussion. 

Origin. 

There is a good deal of ooofusioa with regard to the origin of the perioaidial 
vesicle in Eohinodemu. Data regarding the origin of the vesicle in Eohino- 
derm larvsa are provided by Bury, Field, Goto, Itfasterman, MaoBride and 
Gemmill. 

Bury (1889, p. 74) and Field (1896, p. 117) agree that the pericardial vesicle 
is of mesenchymatous origin. The former believes that it arises at a fairly 
early stage from a group of cells situated in the middle lino over the onophagus 
to the right rather than in front of the hydropore, and that it is certainly distinct 
from the coelom in its origin. 

Goto (1898, p. 266) concluded that the vesicle arose by an extension of the 
left anterior coelom on the dorsal side of the stomach, and that this extension 
in tlip adult is incorporated in the axial sinus while the definitive pericardial 
vesicle is constricted off from the axial sinus at a later stage. Goto’s account 
is, however, unsatisfactory, as he seems to have mistaken the pericardial 
vesicle for the epigastric coolom in Plate XXI, figs. 19 and 20. 

ManBride (1896, 1903, and 1918) in Asterina and other Echinodeims, 
Mosterraan (1902) in Cribrella, and Gemmill (1912) in Solatter, believe that the 
pericardial vesicle arises from the anterior coslom, in the middle line according 
to Masterman, and a little to the right of the middle line according to the two 
others. In view of the fact that the single anterior coelom both in CribeUa 
and AiUerina represents the result of the fusion of the anterior coeloms of 
different size, the difierence between MacBride and Masterman is trivial. But, 
the pericardial vesicle is definitely to the right of the middle line in its early 
stages though it extends right over the middle line later on, as I have shown in 
the chapter on “ Description.” 

Gemmill, on a subsequent examination of the larva of Sokuter endeoa and 
Sciasler jiapposw, came to the extraordinary view that in both these species 
the pericardial vesicle arose as an ectodermal invagination. This statement 
about the mode of origin in the two species of Sdaster is so contradictory and 
opposed to the results of the other workers that before taking it into con* 
sideration it would be desirable to await its confirmation. In his papers on 
Asterias rubens and Porania puiviUut Gemmill (1914, 1916) puts forward the 
view that the vesicle arises from mesenchymal cells budded oS from the 
archenteron as early as the period at which the general mesenchyme is formed; 
but, in reality, the pericardial vesicle grows out from the dorsal surfree of the 
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light anterior coelom as a solid nodule of cells connected in the beginning with 
the coelomio sac by a slender string of protoplasm. This oonneotion is out off 
and the solid nodule is isolated. 

Oemmill must have identified these cells as those going to form the peri¬ 
cardial vesicle at this time and must have regarded them as mesenchymal for 
it is difficult to distinguish them from the latter. 

Right HydrocaXe and Heart. 

The origin of the pericardial vesicle from the dorsal surface of the right 
anterior coelom must have led MacBride (1896, 1903 and 1907) to consider it 
as the right hydrocoelio rudiment. This view seems to have been put forward 
on comparative grounds to obtain exact comparisons between the structures 
of right and loft larval origin and seemed to be corroborated by the fact that 
no pericardial vesicle could bo detected in his double hydrocoeled larvee of 
Aaterina. However, in his (1918) paper on Eehinocardiian he discarded that 
view as untenable since larvae of Asteriaa rubem in which both a pericardial 
vesicle and two hydrocoeles were present turned up in Qemmill’s (1914) cultures, 
and similar larvee were found by MacBride in Echirnu tnUiaria and Bohino- 
cardium. Double hydrocoele larvsa of Aeterias rubena and Echinus miliaria 
possessing a pericardial vesicle turned up in my cultures. The pericardial 
vesicle, therefore, arises from the posterior part of the right anterior coelomio 
sac at a higher level than that part of the anterior coelom from which the 
hydrocoele is given off. 

The ‘‘Blood.'' 

The floor of the pericardial vesicle or the heart is in open communication 
with the blastocosle below. In sections of larvae preserved in osmio and MUUer 
the heart stains more deeply than the surrounding blastocosle. This staining 
peculiarity is shared by the blastoooelio ground-substanoe immediately sur¬ 
rounding the stomach, and we may justly come to the conclusion that thia 
difieience in staining capacity is due to the exudation of digested material 
from the stomach cells. If this view is accepted the fluid or “ Uood ” which the 
heart pumps forward is the blastoooelio fluid which contains the highly nutritioua 
juice exuded by the stomach cells. 

Probable Funchion. 

1 have not the slightest doubt that the pnlsations of the pericardial vesicle 
have a physiological meaning. The contractions of the floor of the veside’ 
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and ihe oiharaoter of the spongy tissne underneath strongly suggest that we 
have here something of the nature of a haemal node. A stream of nutritive 
material is exuded by the stomach where absorption is taking place and is 
sacked up by the heart as it contracts and is pumped forwards throu^ its 
thin wall towards the surrounding organs which are far removed from any 
other supply of nutritive fluid than that provided by the coolomic fluid. It is 
quite probable that most of this ccelomic fluid is taken up by the growing regions 
of the larva such as the Eohinua rudiment^ the water vascular rudiment, and 
that the anterior regions like the larval brain of Echinus and the mouth regi<m 
of Asterias being bereft of enough nutritive fluid, are supplied with the required 
amount of nutrition by the contractions of the pericardial vesicle. 

I believe that the pericardial vesicle goes on pulsating in the adult star-flah 
and sea-urchin, since contractions have been observed in young ophiurids, 
by Qemmill (1918). 

Now, in the sea-urchin at metamorphosis, a portion of the ovoid gland projects 
into the cavity formed by the invagination of the floor of the perioardial vesicle 
which lies along the aboral portion of the axial sinus. At its aboral end the 
vesicle is close to a band of membrane which connects the intestine with the 
body-wall and within this band there is a tract of loose connective tissue with 
stainable ground-substance. It is quite a tenable view, therefore, that through¬ 
out adult life the peric^dial vesicle continues its pulsations, pumping juices 
exuded by the stomach towards the body-wall. But at this point is found, 
according to MaoBridc, the infolding of peritoneal epithelium which gives 
rise to the genital stolon, which is the central point of origin of genital cells. 
Now, the genital cells in the sea-urchin as well as star-fish undergo annually an 
enormous growth. The difference in sise, between the genital cells in the 
autumn and winter after genital products have been shed and in spring when 
the breeding season is coming on, is colossal. Hamann (1885) believes that it 
is extremely probable that the genital cells formed in the stolon wander away 
along the circular rod of genital cells called the genital-roohis to the positions 
in the interradii where the genital organs ore situated. There must be 
periodically an enormous increase in the number of genital cells, for which an 
abundant supply of nourishment must be required, so we may qoite reasonably 
put forward the view that the pulsations of the perioardial vesicle direct a 
stream of nourishment towards the growing genital cells. 

In star-fish at metamorphosis the spongy tissue underneath invades the 
floor of the sac to form the so-called head-process of the axial organ with whioh 
it is in oommunioation at its upper aboral end. The madieporio or perioardial 
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veaicle is, as msationed before, aituAted directly under tlue madrepotrite. TbB 
gastric tufts and the organ which are found near the vesude, have 
been found to exhibit slow contractions by Gemmill (1916) and the ao-caDed 
head-process by Frooho (1887) in Dorocidaris, The ampulla of the stone-canal 
which lies close to the vesicle may readily increase or decrease in size as it 
communicates with the axial sinus as well as the stone-canal. Such changes 
in volume might facilitate the pulsations of the pericardial vesicle and draw up 
hffimal fluid into the spongy spaces in its floor with greater ease. Knowing these 
facts we cannot but conclude that there is a sort of circulation of a nutritive 
fluid going on. Now, Ludwig’s gastric hcRTnal strands have been found to be 
really lisemal in character by Gemmill (1914, p. 272); what probably happens, 
therefore, is that a fluid nutritive in function is transferred by the spongy 
fihannels of the gastric heemal strands to the junction of the so-called head- 
]iroccHa or heart with the axial organ. The genital rachis is an outgrowth of 
the axial organ and the genital organs are proliferations from the genital 
rachis. Surrounding the genital rachis is connective tissue containing ** blood.” 
This blood is fed from the blood pumped by the heart and it serves to nourish 
the growing genital organs. These are of far greater relative dimensions in 
Ulohinm than in Asteriaa and this difference probably accounts for the difference 
in the beating of the heart of the two forms. 

flonwlogy. 

Now the most interesting circumstance about this heart as Bury pointed out, 
and as endorsed by QemmiLl, is that a similar organ exists both in the larval and 
the adult stages of Balanoglosaua. We owe to Metschnikoff (18C9) the ground- 
vrork of the comparison between Aateruht and Balanoglossus. Morgan (1891, 
p. 442) followed by Bury (189G, p. 128) and afterwords Masterman (1902) 
extended it to the important matter of the pericardial vesicle. Later, Gemmill 
(1914, p..277) continued the comparison still further in the matter of the body 
and head of the axial organ, the principal hmmal trunks, the pharyngeal coelom 
and the regions of the axial sinus. He homologised the pericardial vesicle 
with the pericardial coelom, the head-process of the axial organ with the heart, 
the gastric hsemal tufts with the dorsal vessel of trunk, axial organ and oral 
haemal ring with the left pharyngeal vessel and ventral vessel of trunk respec¬ 
tively. The heart is the protrusion of the ventral wall of the pericardial sac : 
it is situated above the mouth. In the larvea of Balanogfosatia as of Echino- 
derms there is an oesophagus which arises as an in pushing of the eotodemu 
This oasophagaa at metamorphosis flattens out and disappears and the position 
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of the adult mouth oorreepcMtds to the inuer end of the larval OBsophague. Tbe 
heart in Btdancglossus drives the contained blood forwards towards the so- 
oalled excretory organ formed from the posterior wall of the proboscis coelom. 
The blood is contained in vessels, but these vessels, os the studyof theirdevelop- 
ment shows, are nothing but the remnants of the larval blastoccBle, Bateson 
(1884) describes the pericardial bhc of Tomaria larva as arising as a solid bud 
from the posterior wall of tlie proboscis coelom. The pericardial vesicle of 
Echinoderms arises in a similar way from the posterior part of the right anterior 
Gcnlom and drives the contained fluid forwards. In origin and struct ore then, 
the pericaridal vesicle of Echinoderms corresponds to the pericardial sac of 
Balan^jglossus and the invaginated floor of the vesicle, witli the inpushed spongy 
tissue, is comparable to the central sinus or heart. Therefore, it seems to me 
that it is quite justiflable to say that the structure and relationship of this 
organ coustitute one of the best proofs of the affinity of Echinodermata with 
Entoropneuata. 

Sinnnuiry. 

(1) The pc'ricardial vesicle arises as a solid bud from the posterior part of 
the right anterior ca3lom. 

(2) It t)ecomes hollowed out and extends doraally. 

(3) Pulsations occur in the floor of the vesicle and travel forwards. The 
heart of E, miliaris beats about four times as much as that of A. rubens. 

(4) The fluid contained in the heart is the blastoocelic fluid with the rich juice 
exuded by the stomach cells. 

(5) Magnesium chloride in small concentrations decreases the number of 
beats per minute : its removal causos the beats to quicken. 

(6) Potassium chloride in small quantities produces an increase in the rate 
of contractions ; its removal results in a slowing of the beat. 

(7) In late plutei the floor becomes permanently invaginated in the vesicle 
forming the heart. 

(8) In late brachiolarisa the spongy tissue underneath invades the invaginated 
floor of the vesicle. 

(9) The vesicle persists in the adult star-fish and sea-urchin lying on the 
dorsal side directly under the madreporite as a closed sac. 

(10) The pericardial vesicle of Echinoderms is homologous with the peri¬ 
cardial vesicle of BalanogloBSiLS, 

I take this opportunity to express my deep gratitude to Professor MaoBride 
not only for the suggestion of Aateriaa fubena and Echinug nMiaria as proper 
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types to investigate, bat also for much eaoouragement and advioe in the oouns 
of this research. I must also thank Mr. 0. C. John for his invaluable help in 
the preparation of the figures. 
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EXPLANATION OF PISTES AND WQURES. 

Fio, 1.—Drawing from ft liviog larva of Echinus mt2»an> about 30 days after fettiliaation, 
showing tho pontion of the perioordial voiricle. 

Fii j. 2.--TraiiBverBe aeotion of E, mUiaris, 17 days old. The thickening of the right anterior 
cGBlomio sao is clearly seen. 

Fu:, 3.^TraDByerBe Booiion of a larva slightly older than that in fig. 2. The thickening 
which is tho rudiment of the porioardial vesiolo is oompletely out off from the right 
anterior ooalom. 

Flu, 4.—^TransverBe section of larva of E. miliaria, 20 days old. Tho pericardial vesicle 
is in the form of a solid nodule lying to the right of tho pore-canal. 

h'K}. —^Transvenie sootion of E. miliaria about 24 days old. Tho solid nodule of oelLi is 

seen to have acquired a cavity and is rounded in shape. 

Fro. fl.—^Transverse section of larva of E. miliaria 30 days old. The pericardial voeiole 
is seen to be extending dorsally and hurizontaUy. 

Fru. 7.—^'rronsverse section of larva of S, mdiarta^O days old. Fericanlium and heart are 
distinctly seen. 

Fio. 8.—Transverse section of larva of E. mdiariat about 40 days after fertilisation. Tho 
crescentic-shapcd vesicle, tho pore, the axial sinus and the Htono-oanal are distiu- 
guishablo, 

Fjo, 9,—Transverse section through an imago of E, milwris showing the pericardium and 
adjacent organs. 

Fia, 10.—Larva of Astmaa ruhana viewed from the dorsal aspect. ITie pore and tho peri¬ 
cardial vesicle ore soen. 

Fio. 11.—Transverse section of A. rubens, 18 days old (obliquely cut), The right anterior 
cGBlomic sac is giving off dorsally a nodnlo of colls which is the beginning of the peri* 
cftrdial vesicle. 

Fzti. 12. 'TranflVtireo section (obliquely out) of larva of A, ruhtns, about 18 days old. Tho 
rudiment of the pericardial vesicle is completely separated from the right anterior 
cudoiu. 

Fio. 13.—lYansvcTNc section of u Hpocinirn older than that shown in fig. 12. The peri¬ 
cardial veflicle is fully formed. The opening of the pore-canal into the left anterior 
c'oulom is seen. 

Fiu. 14.—Longitudinal section of a larva of A. rvbms about 35 days old. The anterior 
jind posterior ooaloms and the pericardial vesicle are distinguishable. 

Fin. 15."Transverse section of an older specimen of A. rubena immediately before fixation. 
'I'hc hydrootele is well developed. The invagination of tho spongy iiasue into the 
floor of the pericardial vesicle is apparent. 
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CrystaUine VUamin D. 

By F. A. Askew, B. B. Bourouxon, H. M. Bbuce, R. K. GALU)Wf J. Sr. L. 
Philpot, and T. A. Webster. 

(ComiiiuoicAted by H. H. Dale, Sec. R.S.—Received December 10, 1931.) 

(From the National Institute for Medical Rosearoh, London, N.W.3.) 

In two earliei papera in tlieae " Frocecdinga ’ (Askew H ol., 1980, a; Angus 
ct a2., 1931) a crystalline antirachitic substanoe was described, obtained 
by vacuum distillation of the products of irradiation of ergosterol. In the 
second paper, the physical properties and antirachitic activities of a number 
of successive preparations of this product were recorded, and it was shown 
that these were sufficiently constant to suggest that it consisted mainly of one 
substance. We avoided the concluaion that it was yet pure, the properties 
showing distinct variations which suggested that other, and presumably 
inactive, substances were present to a variable extent. For convenience, 
and with reference to its conspicuous biochemical activity, we provisionally 
applied the name ‘‘ calciferol ” to this crystalline product of distillation. We 
realised, however, that the substance to which that name could be properly 
and definitely applied, as being the pure antirachitic vitamin, might differ to 
some extent from the product then desciribed. Among other indications in 
that direction was the ffict that the biological activity of this product was not 
greatly in excess of that shown by many samples of the crude irradiation 
product. It was indeed suggested that the irradiation mixture might contain 
more than one active substance (op. Bills el al,, 1931). 

Sinoe that second publication, progress has been rapid in more than one 
laboratory. A few weeks later Windaus (1931) gave, at a discussion meeting 
of the Royal Society, a preliminary description of a crystalline product which 
he had separated after partial condensation of the mixed products of irrodia^ 
tion with maleic or citraconio anhydride (Diels’ reaction). Its melting-point, 
absorption and antirachitic activity were practically identical with those of 
our product, but its optical dextrorotation was so much lower that the two 
preparations could not be identical. 

Shortly after this, we obtained, with slight variations of the distillation 
procedure, other samples of our crystalline product with even higher dextro* 
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rotatkmBi bnt still the same biological activity. We then found that 
deliberate beating of the product caused a further large rise of optioal rotating, 
with loss of antiraohitio activity. Hence it Eieemed highly probable that our 
original preparations of ** calciferol contained a product of thermal trans- 
formation in addition to the active principle. These constituents were quite 
inseparable by fractional crystallisation of the product itself, but we found, in 
the 3: b-dinitrobenxoatos, derivatives so differing in colour and crystalline 
form that a separation was easily effected. Two sterols so obtained were 
mentioned by one of us (Callow, 1931) at a discussion in the Chemistry Section 
of the British Association for the Advancement of Science on September 25. 
One of them was identical with the substance produced by heating, and was 
referred to as “ pjrrocaloifeitd ” ; the other was the calciferol with which this 
paper is mainly concerned. This was found, in biological tests completed 
shortly afterwards, to have an antirachitic activity about twice as great as 
that of the preparation from which it was separated, or of Windaus’s first 
crystalline product (vitamin D^). Meanwhile, a further publication was made 
by Windaus and his colleagues (Windaus ft al., 1931, a) in which the orjnstallino 
product already described was further characterised, and was now termed 
vitamin In an addendum (dated September 19) to this paper, there was 
mentioned for the first time the isolation by Linsert of a second crystalline 
sulratance, which was referred to as vitamin D|. The optical rotation and 
melting-point of vitamin D,, given in this addendum, wore similar to those of 
the active substance which we had recently isolated through the dinitrobenzoate. 
The identity of the two substances could not, however, be assumed on the basis 
of these facts alone, paItic^ularly since Windaus and his co-workers had not 
recognised the fact that vitamin D, possessed about twice the antirachitic 
activity of vitamin but stated that it was least as active ” as vitamin 
D|, and regarded the two as independent antirachitic principles. 

At this stage we published a preliminary account of our later results (Askew 
ei al., 1931) which included the preparation of calciferyl 3 :5-dinitrobenJBoate 
directly from the crude product of irradiation without preliminary distillation. 
In a paper subsequently published (Windaus ol., 1931, c), Windaus assumed 
the existence of two vitamins, and D|, not greatly dissimilar in 
activity, but modified this view in an addendum, in which they idmtified their 
vitamin Dg with our pure calciferol, and stated that, by using the method of 
separation as dinitrobenzoates, vitamin could be resolved into vitamm D| 
and an isomeric alcohol. We reached independently the same ooncluBionB 
as the result of work described in detail in this paper, and based pfirtly on the 
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examination of samples of vitamin and vitamin Dg which Frofeceor 
Windaus most kindly sent to us when we suggested an exchange of speoimena. 

Thus the two seta of investigations^ although carried out by difEetent methods 
until the final stage, have followed courses in some respects similar. Oar 
original impure preparation of calciferol has been found, in fact, to contain 
only fiO per cent, of calciferol itself, and to be a solid solution of moleoular 
compounds formed by calciferol with two different biologically inactive 
sterols. One of these is the substance called " pyrocalciferol,” the other a 
substance which we had known as X,” and which proyee to be identioal with 
the inactive component of Windaos’s vi tamin D^. Yitamin D| appears to be a 
simple molecular compound of calciferol (vitamin Dg) and this inactive sub¬ 
stance, which until it receives a more permanent name we shall call sterol X.* 

In these circumstances a word should be said on the subject of nomenclature. 
When, in our previous paper, we provisionally applied the name “ calciferol *’ 
to the crystalline product obtained by distillation, we used it with refeience 
to an antirachitic principle, which we believed we had obtained with a small 
admixture of inert sabstanoes. Now that it is clear that the aotive principle 
constituted only one-haU of the original product, the name might be regarded as 
not strictly applicable to the more aotive product now isolated. However, the 
term vitamin D is Inconvenient when referring to esters and other derivatives 
of the compound, and the adoption of a new name at this stage would tend 
to cause confusion. We therefore use the term calciferol for the purified 
substance throughout this paper. We are, however, not unmindful of its 
independent isolation by Linsort, and we use the name without claiming the 
exclusive right to determine the nomenclature of this compound. 

Preparation qf Calctferol. 

Cakiforol was first obtained in this laboratory by treating with 3 :0-dinitro- 
benaoyl chloride the " cakiferol prepared by distillation, and subsequently 
hydrolysii^ the ester, after separation by fractional crystallisatioD. However, 
an identical product can be prepared more simply by the following procedure, 
which omits the distillation. 

/midiation.—Eigosterol was irradiated in an ethereal solution, while flowing 
through a i^ter-cooled silica spiral round a mercury lamp, as described pre¬ 
viously, but^^^th the insertion of a 1 per cent, solution of xylene in alcohol 

* While tliii paper in the prev, a paper was pabliehed by Lflttringhaua (1031, 
' Ohem. Z.p' voL U, p. 086) deeoribing thie compound m ** Lumisterin." We aeiaine 
that this will be taken as the permanent name for this mibatanoc. 
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between lamp and spiral, to exclude wave-lengthfl shorter than 27fi m|t. The 
rate of flow was adjusted to give a transformation of 60 to 70 per cent, of 
the ergosterol used. After evaporation of the ether, the irradiation prodaots 
were extracted with cold 00 per cent, alcohol. The solution was freed from 
residual ergosterol by precipitation with digitcmin, followed by dilution with 
water, and extraction with light petroleum. The extract was evaporated to 
dryness, and the resultant resin dried over phosphorus pentoxide in tucuo, and 
esterified as in the following example. 

—6-6 g. of resin of [aJlMi + 10° (in alcohol) was dissolved in 
10 O.C. of dry pyridine and the sol ution added to a mixture of 6 * 6 g. of 3:5-dinitro- 
bensoyl chloride and 16 o.o. of dry pyridine. The contents of the flask were 
well stirred, and heated in a boiling water-bath for 16 minutes. After cooling, 
water was added, the mixture was stirred, and the water poured off from the 
dark oil The latter was then repeatedly stirred with fresh quantities of water 
until piaciioally free from pyridine ; it became extremely viscous, and lighter 
in colour. The adherent water was finally shaken out of the flask, and the 
material boiled with 10 c.o. of 97 per cent, alcohol, cooled, and the alcoholic 
solution poured off and rejected. The residue was then wormed and stirred 
with 10 C.C, of acetone. Crude oalciferyl 3:6-dinitrobonsoate separated 
rapidly, and was collected, washed, and dried; weight 3-0 g., melting-point 
138° to 142°, [a]S 5 i + 70° in bensene. A second crop, 0-6 g., melting-point 
138° to 141-5°, separated from the mother-liquors after slight evaporation and 
keeping at -f 4°. The first crop was recrystallised three times from acetone, 
once from a mixture of benzene and alcohol, and then once again from acetone, 
giving 1-8 g. of the final product, as lemon-colouied crystals of melting-point 
147° to 149° and [alJJei + 69® “ benzene. 

Hyd/rdytM ,—1 *7 g. of the above dinitrobenzoato was finely powdered and 
suspended in 20 o.o. of boiling alcohol. 2 o.c. of 2N aqueous sodium hydroxide 
solution was then added drop by drop, and after 16 minutes the ester dissolved 
completely. The solntion was then filtered and diluted with water to 60 o.o. 
The oily precipitate which formed crystallised on cooling and scratching the 
side of the flask. The solid, when collected and dried, wei{^ed 1*14 g. On 
reorystallisatioD from 7 c.c. of methyl alcohol, 0-7 g. of calciferol was obtained, 
showing the physical constants given below. 

ForicUtoru in Method of Preparalim of Calciferol. 

(a) Use of Badiahum of DiffererU Wave4mgtha .—Some tests were made to 
determine the efiect of using radiation of different wave-lengths in the 
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ifradistion of eigoflterol, od tlie yield of oaloiiar<J. prepared aa above. Witk 
Tuiflltered light from a mercury vapour lamp, the erode oaloifaryi 3 : S-dmitfo- 
benaoate which separated conespoudad to a yield of from 14 to 38 per oeat. of 
calciferol from the ergosteicd transformed. In three preparationB made with li(^t 
filtered through xylene solution, to exclude radiations of wave-length shorter 
than 276 mp, the yield varied from 38 to 44 per cent., and in one experiment 
which was made with the “ short wave ” lamp described by Drs. Reeiink and 
van Wijk (1929), and very kindly provided by them, the yield obtained was 
only 10 per cent. It is believed that these di&renoes correspond to variations 
in the antirachitic activity of the crude resins, although our biological data 
are iiisulficient to make this certain. These results are consistent with the 
observations of other workers (Holts, 1929; Reerink and van Wijk, 1929) 
that the exclusion of short waves daring irradiation is desirable. This is not, 
however, essential, except for obtaining the maximum yield of oaiciferol. It 
is clear that, at least with long wave radiation, the yield of crude calciferol 
is sufficient to account for most, if not all, of the observed activity of the crude 
irradiation products. These had an antirachitic activity of 22,000 International 
units per milligram in the example described above. 

(6) (keygm .—At first scrupulous care was taken to exclude oxygen through¬ 
out the process, but it is now found that, once irradiation is completed, the 
exclusion of oxygen is not necessary in the subsequent manipulation, unless 
distillation is intended. 

(c) Removal of Ergostercl .—On some occasions the removal of the last traces 
of ergosterol by digitonin was only carried out after esterification and hydrolysis. 
As this necessitated a second esterification to get a pure product, this procedure 
is not recommended. 

(d) Eaterifioation .—There is reason to think that impurities in the dinitro- 
benxoyl chloride may cause some diminution in yield. Our own samples were 
prepared by refluxing the acid with 7 parts of thionyl chloride for 3 to 4 hours. 
The excess of thionyl chloride was removed by distillation, and the residae 
orystallised from a little bensene. 

The period of heating during esterification con be reduced to 10 or even to 
5 minutes^without Mriously affecting the yield, and a cleaner product is 
obtained. 


Properties of Calciferol. 

Calciferol thus purified forms clusters of colourless needles of melting-point 
114*6® to 117®, [otlRe, + 122®, and [a]? + 102-6®' in alcohol. In order to 
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fftoilitate comparuon of the products described iu this paper their physical 
constants are Buxnmariscd in Table U. 

Oaloifercd shows intense ultra-violet absorption, giving a smooth curve with 
a maximum at 265m(i of 48*5 (= 2*25 in the units used by Windaus) as 



Fro. 1.—Absorption Spectra of Calciferol, Vitamin Oryetalline Distillation Product, 

and ^^Tooaloifeiol. 

shown in fig. 1.* It is very soluble in most organic solvents, but may be 
recrystallised from 5 parts of methyl alcohol or 3 parts of acetone. It is not 

* The absorption Bpeotra were moaiured by the Rpoctrophotometrio technique described 
in our pcevlona papen. The extinotioii ooeffldents are oaknlated by the formula 

■ *= (ioSifle - iogisli K)/Cd, 

where and 1| are the infeaisitiea of light before and after travelling d cm. of a solution 
of oonoentrstioD C gnuna per litre, and X is the value of logxJL^fli when the absorption 
oell o<»itaina solvent alone, llie coefficients thus obtained can be converted to the units 
used by Windaus by multiplying by r/0*4843 where c is the percentage concentration used 
by Windaus. 
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precipitated by digitonin. Elementary micro-analysis gave the folkming 
reeults 



CftloiferoL | 

CaloifeiTl din&trobeiuoate. 


Obiervod. 1 

Cftkolmtod for | 

Observed. ^ 

OalonhitMl for 

c 

84*0 1 

84*7 

7M 

70-8 

u 

1 

IM 1 

11*1 

70 

7-7 


The apparent molecular weight of the dinitrobenzoate, aa found by freezing- 
point depreasion in benzene, was 671 (calculated 676). Titration with per- 
benzoio acid indicated the presence of three double linkages (observed value 
3-3). From these data it appears that calciferol is an isomeride of ergosteroL 
Colour Reactiona ,—Tabic 1 shows the colour reactions of calciferol and also 
of pyrocalcifcrol and sterol X. The blue coloura|iou given by calciferol with 
the Tortelli-Jafi6 reagent is unusual. 


Table I.—Colour Reactions. 


Reagent. 

Oaloiforol. 

Pyrooaldferol. j 

Bterol X. 

Llebermaim-Baroluud 

Red - purple 
emeiald (itable). 

_ _ . i 

Yellow-»> deep bine 
whiob fadM on 
■tanding. 

Red parple -► 

emerald (stMe). 

Anttmony trioUorida 

Beep yellow. 

1 

Coloorka; pale bine- 
green on standing. 

Piiik-»> pale yellow. 

TrlohloroMetio aokl 

1 

Deep yellow-^ doU, 
dirty led-brovn. 

Colouriees; pale blne- 
gieen on standing. 

Pink purplish bhw. 

Merourio aoetate in nit¬ 
ric add 

In oonosntrated eolu- 
tion CHCla layer 
ozioge-fed yel¬ 

low; add yellow. 

CHCla lawr nuimen- 
taiy y^w; add 
yellow. 

CHCla IsjBr carmine 

Torteili-Jftfl4 

Bine 

1 

Green 

Green. 


EffeoU cf VUra-vklet RadiaJtion, —^Both “ long waves ” and “ short waves ” 
cause a rapid transformation of calciferol into products showing little 
absorption at wave-lengths greater than 260 m^i. 

The term '* long waves ” is used in this paper fox the radiation from a mercury 
arc filtered through xylene, which outs off wave-lengths shorter than 275 mp. 
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“ Short waves " refers to radiation filtered through ohlcsrine and bromine, and 
consisting mainly, but not entirely, of wave-lengths between 210 mp, and 
280 m(i (Askew, et ol.. 1930, 6). 

AfUifaekUio Activity. —^This was determined by the ladiographio method 
described in a recent monograph (Bourdillon et a/., 1931). Forty rats were 
used for each test. Of these, 20 were given doses of a standard solution of 
irradiated ergosterol in olive oil, and 20 litter-mates were given doses of the 
test substance also dissolved in oil. The results are expressed in terms of 
the International Unit defined at the League of Nations Conference in June, 
1931 (League of Nations, 1931). This unit is the " vitamin D activity of 
1 mg. of the International Standard Solution of irradiated ergosterol," and 
has the same value as the Medical Research Council Unit used in our 
previous paper. 

Six difierent specimens of calciferol gave the following results, 40,400, 
36,400, 37,000, 47,600, 38,300, 43,200 International Units per milligram. 
The mean of these six testa is 40,483, which is close to twice the recorded value 
of 20,000 units for the calciferol previously described as obtained by distillatioiL 
An estimate of the accuracy of these tests was made by examining the standard 
deviations for 1000 of the rats used during the period covered by this work, 
and showed that, for tests based in each case on 20 pairs of rats, the error 
corresponding to twici^^ the standard deviation, i.e., the error expected to be 
reached or exceeded only once in 22 teats, was plus 26 per cent, or minus 21 
per cent. The probable error (or error expected once in two testa) is 8 per 
cent. These values are in close agreement with those calculated for earlier 
tests in the monograph referred to above. 

Toxicity. —This was determined by the method oi Moll (Holts ct al., 1931), 
using mice. As defined in this method the toxic dose is the minimum daily 
dose, that kills or causes a loss in weight of 2*6 g. in the mice used during a 
period of 12 days. We gave the required dose always in a volume of 
20 cu. m. m. of olive oil, which was administered directly into the animala' 
mouths. Four znioe were used for each dose. The results are given in detail, 
smoe it was only possible to carry out a small number of tests. 


Oalci/erol (of antirachitio activity 40,000 umto per mUliyram). 

0*2 mg. 1 dead, 2 severe loss in weight, 1 normal. 

0*1 mg. 2 severe loss in weight, 1 alight loss, 1 normal, 

0-06 mg. No loss in weight. 
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Crude eaUdferd obtained by distiUaiion {of antiraokitio activity 20,000 vnAt per 

milligram), 

0-4 mg. 1 dead, 3 severe loea in weight. 

0*2 mg. 1 severe loss, 2 slight, 1 normal. 

0*1 mg. No loss in weight. 

Vitarnin (Professor Windauss sample) (of arUirachitio activity about. 20,000 

units per milligram). 

0-4 mg. 2 dead, 2 severe loss iu weight. 

0-2 mg. 2 seven? loss in weight, 2 slight. 

0 • 1 mg. .... No loss in weight. 


The minimal toxic dose is seen to be of the order of 0-1 mg. for oalciferol ; 
0-2 mg. for cmdc <^lciferol; and 0*2 mg. for vitamin D^. This is equivalent 
to about 4000 International antiraohitic units in each case. Thus the ratio 
“ toxic dose ” (in mice) to “ curative dose " (in rats) is about 4000 to 1. 

Although the number of tests is too small to be conclusivo, these results 
support the view that the toxicity is an inherent property of the pure 
vitamin, and is not due to a contaminant (cf. Harris and Innes, 1931; Windaus 
ei ill 1931, 6). 

Cakiferyl p-Nitrobenzoote.—This compound was prepared by warming a 
mixture of calciferol and p-nitrobonzoyl chloride in pyridine. It formed pale 
yellow crystals from alcohol, melting-point 90® to 93®, [aJJJ®! + 66® in benzene. 
Hydrolysis yielded calciferol of nonnal physical properties and antiraohitic 
activity. 

Pyrooalciferol, 

As previously reoordod (Askew et ol., 1931), a compound of very high dextro¬ 
rotation is formed when certain irradiation products of ergoatero] are heated 
to 180®. The name pyrooaloiferol was proposed for this compound owing to 
its origin and association with oalcifeTol. It was prepared as follows from 
the crude c^ciferol obtained by distillation. This material was esterified 
by heating for a few minutes to 100® with an equal wei^t of 3 :5-dinitro- 
benzoyl chloride dissolved in pyridine. The produot was then freed from 
pyridine by washing, repeatedly with water. The tarry residue was washed 
with alcohol, and dissolved in a little bemeene. Addition of 5 parts of alcohol 
to the solution precipitated pale-yellow microscopic needles, which were removed 
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immediately and washed with a little alcohol. These were then recrystalliaed 
repeatedly irom acetone, from which pyrocalciferyl 3:5-dinitrobenEoat6 
separated as orange-coloured prisms, melting-point 166** to 169^, [otlMst + 
in benzene. This ester was hydrolysed by the addition of a sli^t excess of 
2N aqueous sodium hydroxide solution toaauspension of the solid esterin boiling 
alcohol. The product crystallised from 10 parts of methyl alcohol in thin 
colourless needles. 

Properties. -Pyrooaloiferol has been obtained with melting-point 93° to 
WSei +and [a]f? + 502° in alcohol, although the punfioation 
has not been carried far enough for these data to bo regarded os final. The 
dextrorotation is very high, and probably accounts for the large increase in 
total dextrorotation that is generally observed in the distillation of the irradia¬ 
tion products of ergosterol. The absorption spectrum is shown in fig. 1. 
It is closely similar to that of orgosterol, but the maxima an' at longer wave¬ 
lengths. There is reason to think that it is not present in normal irradiation 
products of ergosterol, but is formed from one of them during distillation at 
150°. 


Antirachitic Activity .—Pyroealciferol appears to have no antirachitic activity. 
Tests show that daily doses as large as 0*01 mg. are without perceptible effect, 
and hence, if active at all, its activity is less than l/800th of that of calciferol. 

Colour Reactions .—These are given in Table I, The blue colouration given 
with the Licbcrmann-Burchard reagent is noteworthy. 

Effects of UUra’Violet Radiation .—Both “ Itmg waves and “ short waves ” 
convert pyrocalciferol into products of little absorption, but it is transformed 
much less rapidly than calciferol. 

Analysis .—Elementary micro-analysis gave the following results :— 



Pyrooaldfenil. 1 

Pyrooftloiferyl: 

dJniirolienxoata. 


Otaorred. 

1 

CatnuUtod for 

C„H4,0. 

: 1 

Obeervod. | 

L 

(Jaloulatod for 

1 

c 

S4-7 

Si-7 

71-1 

70-H 

H 

US 

11-1 

7-7 

7-7 


The apparent moleoulac weight, as found by freezing-point depression in 
benzene, was 544 for the dinitrobensoate (calculated 576). ntn^ikm with 
perbenzoio acid indicated the presence of either two or three double linkages 
(observed values 2 -6 and 2-6). The formation of an ester, and theae analytical 
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data, suggest that pjnrocalcifeiol is closely zelated to eigosterol, and is 
probably isomeric with it. 

Pyrooakiferyl 3 : b-dmUnbeiwoote. —^This eater forms orange^xilonred prisois 
from acetone (with the properties given above). It dissolves leadOy in bememe 
and is precipitated by the addition of alcohol to the solution, as light yeUow 
needles containing one molecule of benzene of oiystallisation. One such speci¬ 
men showed melting-point 164° to 161° (sealed capillary tube ; after softening 
at 136°) and [kImu 219°, which is equivalent to 249° for solvent-free mateiiaL 
When heated for 3 hours to 100° at 10 mm. pressure, it lost 11-4 jier cent, of 
its weight, in good agreement with the calotilated figure of 11*9 per cent., 
which corresponds to one molecule of benzene. On crystallisation from acetone 
the normal orange-coloured form free of solvent was again obtained. , 

Preparation of Sterol X. 

Am mentioned above, vitamin can be split up into caldfeiol and sterol 
X by esterification with 3:5-dlaitiobonzoyl chloride. This process was 
applied to a specimen of vitamin made by ourselves by Windaus’s method 
(Windaus et oZ., 1931, a), using citiaconio anhydride, and also to 0*25 g. of a 
specimen of vitamin which was kindly placed at our disposal by Frofessor 
Windaus. Calciferyl dinitrobenzoate separated from both preparations as the 
least soluble fraction, and there was obtained from the mother-Uquois a second 
dinitrobeiusoate separating in clusters of pale yellow needle-shaped crystals. 
After recrystallisation these had melting-point 139° to 141° and [ntlffg -f- 24° 
in benzene. The combined yields of this second dinitrobenzoate from the two 
preparations gave on hydrolysis sterol X, which separated as needles from 
methyl alcohol. 

Properties of Sterol X. 

The imperfectly purified sterol X forms crystalline needles of melting-point 
116*6° to 118-6°, [a]S,t -|- 220°, and [a]? -|-176° in alcohol It is readily 
soluble in organic solvents, and is not precipitated by digitonin. It is believed 
to be without antirachitic activity, as the sample tested by us showed none in 
the largest doses used. If it does possess activity, this is certainly less than 
l/30th that of calciferol. The colour reactions are given in Table I. It will 
be noticed that pink and carmine colourations are given with trichloroacetic 
acid, and with mercuric acetate in nitric acid, indicating the presence of a 
(or A^^) double linkage (Rosenheim, 1929), which is present in 
crgostenl, but absent in calciferol and pyrooaloiferol. 



Crys^xdtine Yiiamin D. 


499 


Ab$orptian 8pe(tntm and EffeoU cf Irradiiation. —The abeoiptioa ape otrum 
of thig anbetanoe is lUiown in fig. 2, together with that of the game prodoot 
after expoBoxe to short wave ultra-violet irradiation (for 10 minutes in 
0-001 per cent, solution in a layer 1 om. thick, 11 cm. from a mercury vapour 
lamp). The striking increase in absorption at 280 m{i makes it probable that 



Fio. 2.—(a) Absorption 8peotniin of Sterol X. (6) Same alter & minuten' exposim to 

“short waves.” 

sterol X ifl identical with the compound lefened to in a previous paper 
(Askew rt ah, 1930, 6) on the efiects of further irradiation on the irradiation 
products of ergoBterol. As there pointed out, it u probable that sterol X 
is formed simultaneously with vitamin D (oaldferol) as a direct irradiation 
product of eigoflterol. On exposure to long waves ” sterol X is slowly 
converted into products showing little or no absorption above 260 mfi. 

Relation of Catotfervl to other Crg^alUne Anliraokitic Subtianoes. 

(a) OdMfmiamA F»(afl«wI>g.-"The few particulars of the physical properties 
of vitamin D, already pubbshed (Windaus ti al., 1931, a and o) are in fiairiy 
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elo06 agiMBieiit with those of cakiferol. Oar phjsioaJ messaremeiits of the 
speouDen of vitamin D| which Professor Windaos courteously sent to us, again 
show fairiy good agreement with those of oaloifeiol, although the values are 
■lightly lower, probably because the sample, as indicated, was '* not quite 
pore.” A mixture of the two substances shows no depression of melting point. 
The antiraohitio activity was found to be 44,600 units, and thus agreed wi^ 
that of calciferol within the limits of error of the test. In addition, Windaus’s 
specimen of the dinitzobensoate of vitamin D, possessed physical constants 
similar to those of calciferyl dinitrobenzoate, and a mixture of the two esters 
' showed no depression of melting point. The relevant physical measurements 
are given in Table 11. There is little doubt that the two substances are identical, 
as WindauB has already concluded in an addendum to his latest paper (Windaus 
sfol., IdSl.c). 

(b) Calotferol and ViUmin Dy —Wo are in full agreement with Windaus’s 
conclusion that vitamin D| is on addition compound of vitamin (calciferol) 
and an isomeric alcohol. As mentioned above, we also have obtained this 
alcoberi, and have described it under the provisional name of sterol X. The 
separation of vitamin into those constituents has tlius been carried out in 
both laboratories, and is the chief evidence of its composition. Further 
confirmation is given by absorption measurements taken in dilute solution, 
where molecular assooiation appears to be negligible. In fig. 3, A, the continu¬ 
ous curve shows the observed absorption of a specimen of vitamin prepared 
by Windaus’s method in this laboratory. The broken curve shows the values 
for an equimoleoular mixture of calciferol and sterol X, as calculated from 
the curves for the separate compounds. The two curves agree closely. The 
optical rotation of vitamin in dilate solution is very close to the moan of 
the rotations of the separate compounds, thus confirming their presence in 
equimolecular proportions. Similar evidence is given by the measurements of 
antiraohitio activity, which show that vitamin has approximately half the 
activity of oaloiferol. 

(c) CaMfotd and the CrysUdline DMOaiion Products iesenbed fomerlj /,— 
After the publication of our account of the crystalline product of distillation 
(Angus H aL, 1931), we obtained, by varying the conditions of distillation, 
a number of specimens which, on repeated leorystallisation, attained oon- 
stant but difiering optical rotations. Although these rotations varied from 
[aSSu + to + S36^, the antiraohitio activitim of all specimens were very 
nearly equal. It ia now believed that all these speoimens oonnsted of solid 
sdutions of the assooiation oompoond (» vitamin Di) of oahnfend and sterol 
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fio. S.—ObwrFed ud cAloolatod abiorptioii Apectra of (A) viUroin D] and (B) oryi- 
talline dittUlaiioa prodnot. (A) Broken oum, oalonlated for fiO per cent, oaloife- 
rol, 50 per oont iterol X. OontiauouR cum*, obaerved for WLudana'H vitamin D|. 
(B) Broken ounre, oalonlated for 00 per cent, oaloiforol, 21 per cent pyrocalcKorol, 
19 per oenl. Nterol X. Ountinuoiu ourve, obeerved for oryatalline diHtillation 
prodnot + 260®, 

Xp and another aaaooiation compound of cquimolecular proportions of oaloi- 
fezol and pTiooaloiferol. The evidence for this is as follows 

(1) When such a preparation is eHterified «*ith 3:0-dinitrobenzojl chloride 
throe separate esteiB can be obtained, and identified by their physical 
properties as those of oaloiferob pyrocaloiferol, and sterol X. 

(2) As shown in fig. 3, B, the absorption curve of the crystalline distillation 
product corresponds fairly closely to the oompodto curve of a mixture 
of these three substances in the proportion calculated from its optical 
rotation. The difierenoe between the two curves is within the error of 
measurement, but may be due to a contamhiaiit. 

(3) Mixtures of calcifotol and pyrocalciferol in various proportions were 
made up in alcohol, and crystallised at 4** C. after the addition of water. 
Ibe composition of the crystals was calculated from their specific 
rotation when redissolved in alcohol (the rotations of mixtures of these 
two Bubetanoes having been shown to be strictly additive in 0*0 per 
cent, solution). The melting-points of these crystals are {dotted against 
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oompoBitioD in fig. 4. The presence of a central maximum, and at 
least one eutectic point, affords clear evidence for a 1 :1 molecular 
compound of calciferol and pyiocalciferol. The existence of a series of 
solid solutions formed by vitamin D| and the c-aloiferol-pyrocaloiferol 
compound is indicated by the fact that a mixture of the two shows no 
depression of melting-point. Mixtures of either with the crystaUino 
distillation product show no depression. Further, a synthetic mixture 
of vitamin and caloiferol-pyrocalciferol luiving [a] m«i + 



rVrceiitujJn nf <’nlrirrrt>l 

Fiq. 4.—Melting-points of mixtures of calciferol and p^Tuoaleilerol. The upper curve 
represents complete fusion, the lower curve incipient fusion. 

melting-point 122-5^ to 125°, crystallised from aqueous alcohol, 
showed no depression with any of the three. Depressions of melting- 
point, which indicate the existence of eutectics, are shown by mixtures 
of vitamin and sterol X, and of calciferol and crystalline distillation 
products. Hence there is reason to believe that the two molecular 
compounds con form a series of solid solutions, all containing 60 per 
cent, of calciferol, and that the widely varying rotations, but constant 
biological activity, of the crystalline distillation products can be 
accounted for by assuming that they are all members of this series. 

(d) Oolo^erol and 5u6sfanoe L.”—We have not been able to study tbe 
oiystalline “ substanoe L ’’ described by Reerink and van Wijk.(1931, a and A), 
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bat we venture to suggest that it is a mixture containing calciferol and one or 
more inactive irradiation products. 

Kvidmce <a$ to the Purity of Calctferol, 

There is considerable evidence for the belief that the calciferol now obtained 
is a nearly pure single compound. Thus, different samples of oaloiferol show 
but little variation in physical properties, whether prepared from the irradiation 
products of ergosterol by direct esterification, or by the removal of contami¬ 
nants by oitmconic anhydride, or by distillation and subsequent esterification. 
Iteasonable constancy is also shown by the antirachitic activity, if allowanoe 
is made for the errors to which these measiu^ments are subject. Further, 
calciferol gives crystalline esters such as the dinitiobenzoate and p-nitro- 
benzoate, which, on rcciyataUisation and hydrolysis, give back the original 
sterol with unchanged physical and biological properties. The fact that it is 
readily separated as the dinitTobenzoate, from addition compounds with 
pyrocalciferol or sterol X, makes it improbable that calciferol is itself an 
addition compound. 

It is impossible to secure complete proof that the activity of calciferol is not 
<lue to small quantities of an intensely active contaminant, but this is rendered 
most improbable by the ease with which closely allied sterols, such as pyro¬ 
calciferol, can be separated without perceptible antirachitic activity. Three 
known possible contaminants which can be excluded are sterol X, and its 

short wave ” irradiation product, and pyrocalciferol. Their absence is 
shown by the rapid and complete disappearance of absorption in the region 
27&-S00m(i when calciferol is irradiated with ** short waves.'* The absence 
of pyrocalciferol is also shown by the identical rotation of calciferol obtained 
from heated and unheated products. 

In any ordinar)^ class of compounds the evidence thus obtained would be 
satisfactory proof of purity. The sterols, however, are a group in which the 
frequent ocourrenoe of association compounds and solid solutions renders it 
very difficult to be c^^rtain of the purity of a new compound. Henoe, until an 
exhaustive purifioation with largo quantities of material can be undertaken, we 
can only say that calciferol is probably a simple compound in a state of approxi¬ 
mate purity. 

Simmary. 

Further purification of the antiiaohitic principle has been achieved, by 
esterification of the crystalline distillation products fonneriy described as 
caloiferol. The pqittbd calciferol now obtained has an antiraohitio activity 
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twice as great as any previously recorded, and appears to be identical with the 
vitamin Dg of Linsert and Windaua. 

The purified product still ptoduoes toxic effects when given in ezoeeaive 
doseH, 

A simple process is described for preparing the pure product from the 
irradiation products of ergosterol without distillation. 

An account is given of two allied inactive compounds termed pyiocaloiferol 
and sterol X (= ''Lumisterin’*). 

Evidence is given as to the relations between the cr3rstallin6 antiraohitio 
products hitherto described, showing that the activity of each of them is dus 
to one common constituent. Thus, the vitamin of Windaus is a compound 
of calciferol (-- vitamin Dg) and sterol X, and the crystalline distillation 
products formerly described contain pyrocalciferol and sterol X, os well as 
oalciforol. 

The probability is discussed that calciferol (= vitamin Dg) represents 
vitamin D ” in a state of approximate purity. 

We are indebted to our colleague, Mr. H. P. Marks, for the micro-analjraes 
recorded in this paper, and Dr. B. Schuster, for the design and construction of 
much of the apparatus used for absorption measurements. 

We wish to thank Dr. H. H. Dale and Dr. 0 . Rosenheim for help in the 
revision of this paper. We also wish to thank Dr. Dale for personal encourage¬ 
ment throughout this work. 
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MARTINUS WILLEM BEIJERINCK—1861-1931. 


At all periods Holland has played a oonspicaonB part in the development of 
Bdonoe, and in more than one branch of learning Dutchmen have led the path 
of advance. The Royal Society has not been wanting in its appreciation of 
their efforts and honoured names like Huygens, Leeuwenhoek, Ruyach, 
Boerhaave, Donders, dc Vries, van't Hoff, Zeeman and Lorentz will be found 
on its roll. To this galaxy must be added the name of Martinus Willem 
Beijerinok, botanist, microbiologist and chemist, who in the course of researohes 
steadfastly prolonged for half a century gave abundant proof of high scientific 
genius and practical achievement. 

Martinus Willem Beijcrinck was l)om in Amsterdam on March 16, 1851, the 
son of a tobacconist. On the paternal side his grandfather was an engineer 
of the Waterstaat, while his maternal grandfather was a Protestant pastor and 
learned theologian. The tobacconist father had the artistic rather than the 
business temperament, gave up his shop and settled in Haarlem, where he 
managed to secure a post on the railway. Martinus went to the Hoogeze 
Burgttsohool in Haarlem, and early showed such an interest in the wild plants 
of the surrounding country that at the age of sixteen he received a silver medal 
from the Dutch Society of Agriculture for an essay on the flora of Kennemerland, 
and so great had become his love for botany that he thought of adopting it as 
a career. Financial straits, however, made him look to a more assured future, 
and in 1869 he entered the Polytechnic Institute at Delft, where, in 1672, he 
took the diploma of “ Chemical Engineer.” For a short time he returned to his 
botanical studies in Leyden, but in 1873 he took up a post as lecturer on botany, 
physiology and physios at the Agricultural School at Warffum, not far from 
Groningen. 

In 1876 he was lecturer on botany, zoology and geology at the Hoogere 
Burgersohool at Utrecht, and from there he went in 1876 as lecturer in botany 
at the Agrioultvral School at Wageningen, which soon afterwards was trans¬ 
formed into the Rijks hoogere Land-, Tuin- en Boachbouwschool, and there he 
remained for ten years, during which his great scientific gifts displayed them¬ 
selves to the full In 1877 he took the degree of Doctor in Wis- en natuurkunde 
in Leyden with a dissertation, “ Bijdzage tot de morphologie der plantengallen," 
and he continued to interest himself in this subject for many years. 

In 1887 he was offered and accepted the post of microbiologist to the ** Neder- 
landsohe Gist-eu Spiritusfabriek ” in Delft, and, in this small and delightful 
town of historic, artistic and soientifio memorieB, Beijerinok spent the next 
thirty-four years of a peaceful and outwardly uneventful life, diligently 
employing his great talents for the advancement of biolc^oal soienoe. 
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In 1893 he became professor of general bacteriology and, in 1896, of general 
microbiology at the Technische Hoogeschool in Delft, and there he founded a 
laboratory which became famous all over the world. Having attained the age 
of seventy in 1921, he retired from his professorship in Delft, settled in Gorssel, 
a small town in Qelderland near Deventer, and there ho died, deeply regretted, 
on January 1, 1931, aged seventy-nine. He left instructions that no funeral 
orations were to be delivered over his remains, which were cremated on 
January G. 

Between 1877 and 1927 Beijcrinck published about 140 scientific researches, 
each of which contained evidence of original work, and many have become 
classical. His papers arc scattered and appeared in Dutch, French, German 
and English [Ksriodicals. It is fortunate that most of them have been gathered 
together in a scries of five large quarto, closely-printed volumes, published to 
commemorate liis seventieth birth<lay. This notable publication appeared 
fmm Delft in 1921, and is entitled, Versarnelde Geschriften van M. W. 
Beijcrinck ter gologonhoid van zijn 70Btcn Vt^rjaardog,’^ 

In reading through this large work, one is struck not only with Beijcrinck’s 
originality but also with the extraordinary range of his observations, for he 
was equally at home as a botiiiiist, microbiologist, and chemist. The subjects 
he chose to work at were of grt'at importance, theoretically and practically, and, 
although they were often of great (complexity, he was peculiarly successful in 
getting at the truth. 

In 1877 he published art elaborate work on plant galls, and for this ho was 
early elected a member of the Koninklijkc Academic van Wetensohappen. In 
1882 he discovered that gummosis in the cambium of l^inaoeffi is an infective 
process caused by the widespread fungus Coryncum beijerinckii Oudemans, and 
with this fimgus he succeeded later in obtaining large quantities of gum from 
the cherry, apricot, plum and especially Pruntus arnygdaUhpersica. He also 
made a number of experiments in crossing dificrent varieties of wheat. 

In 1888 he published in German his classical paper, Dio Bacterieu der 
Fapilionaceen-KnoIIchen,'’ and gave an elaborate and accurate account of the 
origin, structure, and fate of the ncxlules. He showed that the process was the 
revolt of an infection caused by BacMus radicicola, which he su(x^ded in 
cultivating from the nodules. 

From about 1889 he began to turn his attention moro and more to economic 
and soil bacteriology, and by his notable contributions made himself the 
rcoognised master in tliis complicated but important branch of bacteriology. 
By studying the fundamental problems of bacterial nutrition, lie was successful 
in cultivating many bacteria where others hod failed, and he was early in the 
field in investigating several subjects which may be described os all the rage 
to-day. 

Special reference, must bo made to his extended and beautiful rescarohes on 
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luminous bacteria and the mechanism of luminosity and the respiratory figures 
of motile bacteria. He brought to light the extraordinary oligonitrophilous and 
oligocarbophilouB bacteria and the important wTobio nitrogen-fixing Azofobacier 
chroococcwm, Bcijerinck also wrote a great deal on the chemistry of bacterial 
fermentations and was a successful and early worker on the herexiitary varia¬ 
tions among bacteria. His researches on orizymcs such os lactase, glucose 
and tyrosinaso were elaborate, and he spent much time in the elucidation of the 
natural indigo-forming process. 

In 1898 he desoribe^l the filter-passing character of the infective agent in 
the tobacco blight, now called mosaic diMuiso. In this discovery he had been 
forestalled by Iwanowski. who had reported the hltcr-passiug character of the 
virus in 1892. Iwanowski’s claims were handsomely admitted by Heijerinok 
in his full acwimt of the subject in his paper. “ De rexistence d’un principe 
contagieux vivaut fluide, agent do la nielle des feuillcs de tabac,*' published in 
1900. 

In the midst of all these strenuous labours, Ikijorinck would return to such 
subjects as the sexual generation of Cynips KoUarij the assimilative powers of 
the chromatophores of diatoms, the influence of very low temperatures on 
bacteria, the enzyme theory of heredity, crystallised starch and the chemistry of 
indigo. His interests seemed inexhaustable, and he touched no subject that 
he did not enrich with his genius and industry. He worked quietly and un¬ 
obtrusively os the years sped on, but even in his retirement at Gorssel his 
scientific interest was unabated, and in his last days he was again a l)otanist 
working at the mathematics of phyllotaxis. 

Judged by the severest standards, Beijerinck’s scientific labours and achieve¬ 
ments occupy a high place aud entitle him to rank alougside the greatest 
biologists of the twentieth century. In his own country he was held in the 
highest repute, and was awarded the Leeuwenhoek medal in 1905 by the 
Kouinklijke Akademio van Wetenschappen. In 1922 he received the Emil 
Christian Hansen medal from Denmark. Bcijerinck was an honorary member 
of many biological societies outside Holland, and he wrote to mo that the 
crowning pleasure of his life was his election as Foreign Member of the Royal 
Society in 1926. 

Besides his great scientific achievements, Beijerinck was a simple and noble 
character and habitually displaycil the most generous instincts, not only towards 
his own oounkymen, but also to foreigners who corresponded with him. To 
perpetuate his memory a fine bronze plaque with his likeness was placed, in 
1921, in the Tcchnisohe Hoogeschool in Delft, where he taught and laboured 
so successfully for more than a quarter of a century. This pla(iue is herewith 
reproduced. 


W. B. 
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JAMES LORRAIN SMITH—1862-1931. 

PROFKSSOR Lobratn Smith, who died on April 18 of this year, was elected a 
Fellow in 1909, aud served on the Council in 1913-14. He was bom in 1862 
at Half Morton, Dumfriesshire, where his father was for nearly forty years 
the greatly loved and respected Free Church Minister of the sma l l parish. 
There were several brothers and sisters, who were brought up in an atmosphere 
of culture and kindly human relationships, and most of whom lived to 
distinguish themselves. 

Lorrain Smith was educated at George Watson’s College, Edinburgh, and 
Edinburgh University. He graduated as M.A. with First-Oasa honours in 
Philosophy in 1884, and as M.B., C.M. in 1889. During his medical course he 
gained the Vans Dunlop Soholarship in TjOgic and Metaphysics, and the 
Ferguson Philosophical Sobolarship, open to students of all the Soottuh 
Universities. It was in connection with the University Philosophical Society 
that one of us first became friends with him; and throughout his life his intcieat 
in the philosophical aspects of biology was unabated. Just before the sudden 
bad turn in the illness which caused his death he was looking forward to 
completing a book on “ Growth,” in which his wider conolusions were to be 
embodied. 

On completing his medical course he went to Oxford, to study and work in 
Uurdon Sanderson’s laboratory. Here he took the recently organised advanced 
courses and at the same time began research work in conjunction with one of 
us on the physiological action of air vitiated by respiration. The results 
were published in the Journal of Pathology (1892 and 1893) and showed 
(1) that there is no basis for the idea then current that a harmful volatile 
organic product is present in expired air, (2) that the hyperpnoea and other 
symptoms produced before the oxygen percentage becomes very low are due 
entirely to the carbon dioxide in the air, and (3) that certain ohazacteristio 
symptoms ore produced by want of oxygen, in the absence of excess of oarl>on 
dioxide. 

In the summer of 1890 he was Resident Physician at the Edinburgh Royal 
Infirmary, and in the succeeding summer worked with von Recklinghausen at 
the Straasburg Pathological Institute. Thereafter ho acted for a time as an 
Oxford University Extension Lecturer, and later as an Assistant Demonstrator 
in Physiology, but continuing all the time his research work, and meanwhile 
starting independent work on the general metabolism after thyroidectomy 
in aninuda. This work (published in 1894) showed that after thyroidectomy 
the general metabolism does not vary in a normal manner in response to changes 
in external temperature, so that the normal process of regulation of body- 
temperature is disturbed. In conjunction with Dr. Pembrey, he also ptiblished 
an account of the histological changes after thyroidectomy. 
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In 1893 he was appointed John Lucas Walker Student at Cambridge, and 
went to work there under Roy, helping Kanthack with the coursee in baoteri* 
ology, and finally becoming Demonstrator in Pathology, and also lecturing to 
advanced students on the physiology of respiration and animal heat. During 
the Christmas vacation of 1893, however, ho and Haldane went to work in 
Christian Bohr’s laboratory at Copenhagen, in order to get a thorough grasp 
of the existing methods of blood-gas investigation. A piece of research which 
they carried out there was, unfortunately, vitiated through defects in the 
determination of iron. In 1801 he was appointed liCctuTer in Pathology at 
Queen’s College, Belfast, and took up work there next summer after his marriage 
to Isabella Edmond, the dcvot(ul wife who helped him so imioh throughout his 
career and largely contributed to its success. 

During the following Christmas vacation he ami Ilaldanc carried out a careful 
series of experiments on the arterial oxygen-pressure during rest in man, using 
a new method dependent on the relative aflinities of oxygen atid carbon 
monoxide for heemoglobin. The results (1890) seemed to indicate very clearly 
that the mean oxygen-pressure of the blood heaving the pulmotuiry alveoli was 
higher than in the alveoli themselves, thus pointing to active secretion inwards. 
A further investigation on several kinds of animals in the following year gave 
confirmatory results. Later and still more careful experiments by Douglas 
and Haldane showed, however, that it is only when want of oxygen exists in 
body tissues that thin active secretion occurs, and [)articularly after acclimatiBa- 
tion to want of oxygen. Want of oxygen was prodmied by the carbon mon¬ 
oxide used in the experiments on both men and animals ; and in addition the 
two human subjects had become acclimatised through repeated I'xposuros to 
carbon monoxide during the series of experiments. The same method showed 
that when these souroos of distuTl)anoe are avoided there is, during rest, exact 
correspondence between oxygen pressure in the alveoli and in the blood leaving 
them. This fact does not diminish, but increafles, the physiologiral interest 
and importance of the original observations. 

He DOW extended the investigation to pathological states and found (1898) 
that ill artificially produced fever the active sooretion disappeared. Experi¬ 
ments by the same method with high pressures of oxygen led him then to the 
important disooveiy that exposure of the lungs to moderately high pressure 
of oxygen produced fatal pneumonia. It was already known from 1^6 experi¬ 
ments of Paul Bert that toxic efiects on the central nervous system are pxoduoed 
when an animal breathes oxygen at more than about three atmospheres* 
pressure. The poisonous action on the lungs was a quite new disooveiy, and 
was shown to occur at an oxygen pressure of even less than one otmo^here. 

A farther paper in conjunction with Haldane (1900) describes a new method 
of measuring, with the help of oaibon monoxide, the volume and total oxygen 
capacity of the blood in man during life. In this paper it was shown for the 
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first time that the colouring power of the blood is exactly proportional to its 
capacity for taldug up oxygen or carbon monoxide in loose combination. The 
new method was dependent on this fact. Only results for normal persons are 
given in the paper, but Lorrain Smith proceeded at once to apply it to patho¬ 
logical conditions. He found (1900) that in the so-called anemia of ohloroais 
the volume of the blood is in actual fact greatly increased, but correspondingly 
diluted as regards hemoglobin, so that the percentage of heamoglobin is reduced 
in the charaotcristic manner, without reduction in the total heamoglobin in the 
body. Some other nnoBmias arc of this type, including that of ankylostomiasis, 
as was shortly afterwiuds found by Boycott and Haldane. On the other hand, 
pernicious ansnnia, and that resulting from he&morrhage, were not acoompanied 
by increased blood-volume. He and MoKisack also found that in a case of 
polyc 3 dhsznia due to heart discuHe there was not only a great increase in the 
total oxygen capacity of the blood, but also a great increase in its volume. 
Other observers using the same method have found similar conditions in other 
conditions of polycythmmia, including that produced by life at high altitudes. 

Meanwhile, he was called on to investigate the conditions on which an out¬ 
break of typhoid in Belfast depended ; and on this he did much valuable work, 
of which he published a summary in 1904. In 1901 his lectureship was made a 
professorship. He was also mode a member of the Irish University Commission. 
From this time on he became more and more immersed in University affairs 
and in teaching, so that it was no longer possible for him to continue in the 
very exacting line of scientific work which he had been engaged in for the 
previous ten years. As the value of his wide knowledge and sympathies 
became more known, the calls on his time l)ecame greater and greater. 

In 1904 he was appointed to the chair of Pathology at Manchester University, 
and he occupied this position with great profit to the University till 1912, 
when he was appointed to the chair of Pathology in Edinburgh University. It 
was in Manchester that he started that important series of investigations on 
fata and lipoids which were continued during the rest of his life. His first 
observation, namely, that when neutral fats arc hydrolysed, e,g,, by oorbonio 
acid, the free fatty acids combine with coloured bases and thus become stained, 
was followed by the examination of a large number of fats and dyes which led 
to the establishment of a general principle of staining fats with basio aniline 
dyes. The examination of one dye tested, Nile blue sulphate A, led to its 
being adopted as an important reagent for distingnmhmg adds and neutral 
fats in the tissues. Observing that when this dye was used, certain fatty 
globules in the tissues were stained red, he was able, with the aid of his colleague, 
Professor Thorpe, to show that this was due to a partial change of the oxazine 
base to an oxazone base, the latter staining neutral fat and also fatty acid 
owing to its marked sohibility in them, while only add fat was stained blue by 
the oxazine base. An extension of the enquiry to lipoids was the means of 
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throwing fresh light on Weigert’s method for staining nerve fibres and of 
demonstrating its general applicability os a staining method to fats. He 
showed that after a tissue was bichroirated the staining, i,e., the property of 
forming a coloured lake with hsamatoxylin, depends on the presence in the 
tissue of substances wit^ nnsaturatod molecules such as alcohol or aldehydes. 
The time at which staining occurs depends upon a particular stage of oxidation 
and varies much in the case of diiferont fata and lipoids. The myelin of nerve 
fibres rapidly becomes sufficiently oxidised, but if the bichromating is continued 
long enough it then ceases to stain ; neutral fat can be stained by Weigert’a 
method, but the period of bichromating neceasary is a long one. The ready 
staining of doubly refracting lipoids with a fiuid crystalline phase also was 
investigated and was found to bo often due to the presence of cholesterol 
combined with fatty acids. Further observations were carried on with regard 
to variations of the lipinds of the central nervous system at different periods 
of life and in conditions of degeneration, and important differenoos were shown 
to exist. Most' of his papers fn>m Manfdiest<er were written in association with 
W. Mair. 

Lorrain Smith’s work in this field was interrupted by his going to Edinburgh 
and then by the war, but was continued later in conjimction with Rettie. To 
this period belong papers on the mordanting of fats by aldehydes and their 
subsequent staining. The most suitable rc*agent for the purpose was found 
to be aide], and it was shown that, aft^^r mordanting with this substance the 
granules and globules of fatty degeneration are readily stained, while store &t 
is not stained or stained only with difficulty. An important difference between 
the two kinds of fats was thus established and a ready method afforded for 
identifying degeneration fat. By use of the aldol method it was also shown 
that in cloudy swelling and in fatty degeneration the earliest change in cells is 
a destruction of mitochondria with a setting free of recognisable lipins. A 
<',ontribution of striking character made by the same observers is that (published 
in the ‘ Proceedings/ 1927) on the d(>monfltration of lymphatics by the result 
of autolytic change. It was here shown that in the process of autolysia the 
fats in the masked state in the lymph become hydrolysed and small globules 
of doubly refracting soaps are formed, which are so abundant in the liver as 
to form an injection of the l3miphatics. The demonstration of this change was 
quite original. His last paper was on the absorption, deposition and transport 
of fat in the guinea-pig. In this the original observation is set forth that the 
fat absorbetl from the intestine becomes deposited in the distal extremities 
of the lacteals as masses of neutral glyceride. The phenomenon is described as 
a process of storage, the fat being later dispersed according to the requirements 
of the body, and is related to the taking of food and its fat content. Of many 
animals examined the guinea-pig was the only one in which this phenomenon 
was found to occur. 



viii 


OhUuafy Notices. 


His work on the fats, in addition to supplying new methods of examination, 
taken as a whole, constitutes a valuable original contribution, audio regard it 
merely as chemical or histolo^'cal would be to do it scant justice. It is an 
attempt to approach the inner workings of cells especially in reference to 
processes of oxidation, and in this respect his outlook was influenced by his 
earlier work on reepiiation. Wc get from time to time hints of what was in hia 
mind in this connection, and it is a matter of regret that we did not have from 
him a fuller exposition. 

Hia research work was in the two main fields which have been dealt with, 
but in addition he made important contributions to other subjects. His 
bacteriological work on typhoid fever has already been referred to, and he wrote 
also on Bright’s disease (1912), while during the war he carried on investigations 
which dealt with important practical problems. Thus he took up, along with 
his laboratory colleagues, the question of antiseptics for war requirements, 
and the outcome (1915) was the introduction of the well-known " eosol,” a 
solution uf hypochlorouB acid prepared by dissolving equal parts of boraoio 
acid and chloride of lime. This came to be recognised to possess certain 
advantages as an antiseptic and has had an extensive use; they made also 
observations on its internal administration in oases of infection. A few days 
after the outbreak of gas warfare he recommended the use of charcoal in 
respirators, though it was not till long afterwar^ls that charcoal was actually 
adopted. The subject of trench frost-bite also attracted his attention, and 
he and hia colleagues carried out an experimental investigation on the effects 
of cold and moisture on the tissues of rabbits, from which they deduced 
principles for the prevention of the condition. 

As a teacher of pathology, Loirain Smith was very successful. The new 
methods which he developed brought homo vividly to his students the facts 
of the subject. 

He rendered manifold services of educational and administrative nature, 
especially in his later years. In addition to serving on the Irish University 
Commission, as already noted, ho was appointed in 19(>7 a member of a Home 
Ofl^ Departmental Committee on humidity and ventilation in cotton weaving 
sheds, and in 1912 a member of a similar committee on humidity and ventilation 
in flax mills and linen factories. In the latter year he was a^ed to go as an 
expert to India on a similar enquiry, but was unable to do so. He was elected 
lepreaentative of Manchester University on the General Medical Council in 
1912 and served ttif hia appointment to the chair in Edinburgh. In 1927 he 
was chosen to serve in a similar capacity for Edinburgh University. In these 
various oapadtiea his soientifio and academic qualifications were of high value, 
and he gave freely both time and labour to the various questions with which 
he had to deal. He was one of a small group of men who were instrumental in 
founding the Pa^ologioal Society of Great Britain and Ireland in 1906, He 
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did muoix to advance ita interests and to bring about the suooesa whioh it hat 
attained. He was also for several years chairman of the Research Committee 
of the Animal Diseases Research Association of Scotland, and took a keen 
interest in its work. 

From 1919 Tiorraiu Smith was Dean of the Medical Faculty of Edinburgh 
University, and the ofTice was one which made considerable inroads into his 
time. He devoted much thought to its duties and he came to be a leading 
influence in guiding the educational policy of the faculty. He had a keen 
interest in the methods of teaching and he was the means of devising and 
carrying through a scheme for oo-ordiiiating the teaching of the later years 
of the curriculum—a scheme which was attended by marked success. 

His many service's wore recognised by his receiving honorary degrees from 
the two Universities in which he first held office—^the degree of LL.D. from 
Queen's University, Belfast, in 1922, and that of D.Sc. from the University of 
Manchester in 1930, on the occasion of the jubilee celebration of its foundation. 

J. S. H. 

R. M. 


WILLIAM DOBINSON 1L\LLIBURT0N—1860-1931. 

William Dobinsun Haluburton was born in 1860. Educated at University 
College School, then in Gower Street, he passed naturally from it into University 
College, whore he became a student in the Faculties of Science and Medicine, 
taking the B.Sc. degree of the University of London in 1879 and the M.D. 
in 1884. In 1892 ho was elected a Fellow of the Royal College of Physicians. 
Amongst honours later received were honorary degrees from the Universities 
of Aberdeen and Toronto. He became a Fellow of the Royal Society in 1891; 
he served on the Council on two occasions. Ho took a leading part in the 
management of the Physiological Society, on the Committee of which he served 
as Chairman. He also rendered valuable service to the Physiology Committee 
of the Royal Society of whioh he was often a member and occasionally obair- 
man, being particularly well fitted for such a part by virtue of the soundness 
of his judgment and the equabUity of his disposition. His scientifio work 
and teaching began in 1883 when he became Sharpey Scholar and assistant 
to Professor Schafer in the Physiology Department of University College. 
His first important research was on the chemistry of muscle. He repeated and 
confirmed in mammals the work which had been accomplished by Professor 
W. Ellhne in the frog, and was able to add considerably to our krowledge of 
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the proteuL-oonstituents of tauBcle and the changes which ocout during rigor 
mortis. In 1889 he was appointed Professor of Physiology in King’s Ck>llege 
in succession to Gerald Teo. Here he continued actively to pursue biochemical 
research, although his work was by no means confined to chemistry but 
embraced several experimental investigations. .The subject of biochemistry 
has developed enormously sinc^ the time that be first worked at it; following 
the development of organic chemistry, to which it is now considered properly 
to belong. Nevertheless Halliburton must be r^arded as one of the chief 
pioneers in this country of its establishment os a distinct branch of biology; 
a position wliich was recognised by the Biochemical Society, which he was 
instrumental in founding, in electing him Honorary Member. Halliburton 
was fortunate in having a number of brilliant investigators associated with him 
at King’s College, some working independently, others conjointly with himself. 
Amongst the latter were Sir Frederick Mott and Professor W. E. Dixon. 
With the former he worked on the pathological chemistry of the nervous system, 
with the latter on the cerebral circulation and the cerebrospinal fluid. But it 
was especially as a teacher that he excelled ; and not only os an oral teacher 
but as a writer. He first made his mark in this direction by the publication 
of the Essentials of Chemical Physiology ” which appeared in 1893 and has 
passed through many editions. In 1896 ho was a^ked by the pubUshers of 
“ Kirkes’ Physiology ” (which hod long been the popular textbook for medical 
students but had latterly deteriorated) to undertake the editorship. This h(» 
chaiactcristioally proceeded to do by re-writing the whole book. It was so 
completely transformed that the publishers decided to alter the name to 

Halliburton’s Physiology.” Under this title it has passed through nearly 
twenty editions and is still probably the ” bost-sellcr ” of its kind. He was 
also the author of a ” Textbook of Chemical Physiology and Pathology ” 
(1891) and of other works, some of which were the result of lectures given to 
the Royal College of Physicians (Croonian Lecture (1901), Olivcr-Shorpey 
Lecture (1907)). Not the least valuable of his writings were his contributions 
on physiological chemistry to the Reports of the Chemical Society, For 
several years he edited ' Physiological Abstracts ’ for the Physiological Society 
and was one of the founders of the ’ Quarterly Journal of Experimentd 
Physiology.’ 

Halliburton endeared himself to bis friends by his cheery disposition, his 
constant loyalty and his sympathetic nature. He sufiered throughout life 
from a physic^ defect of the right arm, probably the result of infantile 
paralysis, but he had become so accustomed to use the left arm and hand that 
he was able to write rapidly and legibly, to carry out delicate adjustments in 
his experiments, and, in his younger days, to play games os well as most 
people. He was fortunate in possessing during many years a true helpmate 
in his wife (who Bi^ives him), and in securing a small garden-surrounded 
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oottage in a secluded comer in the heart of London not too far from his work. 
He retired from the chair of PhTBiology at Eang's College in 1923 in consequence 
of a paral}rtio attack acting his speech; although he largely recovered this 
he was no longer able to lecture or take part in public diBcusstons, He died 
at Exoter on May 21 of this year, regretted by innumerable friends and by 
physiologists throughout the world. 

E.S-S. 


SHlBASABUIiO KITASATO—1852-1931. 

By the death on June 13, 1931, of Baron Kitasato, the famous Japan&se 
bacteriologist, the world has lost a man wlio made for himself an enduring 
name in the history of medical science. 

He was known everywhere for three bacteriological discoveries of first-rato 
importance. In 1889 ho cultivated, for the first time, in a pure state, the 
bacillus of hx,k*jaw, and having done so was able to clear up to a large extent 
the pathology of this remarkable disease. In 1890, in collaboration with Emil 
Behiiug, he made the groat discovery of antitoxic scrum, and in 1894 Kitasato 
by himself discovered BaciUwt pestis, the cause of bubonic plague, and he 
worked out in a convincing niarmer the pathology of this ancient and deadly 
nuilody. 

aiiibosAburo Kitasato was lK>m at Ogiungo, a mountain village in the pre¬ 
fecture of Kumamoto in the Japanese island of Kiushiu. The year of his 
birth has been variously stated as 1864, 1856 and 1858. The conversion of 
Japanese dates into English is often diifioiilt and sometimes uncertain. In 
a Japanese work of the “ Who’s Wlio ” type it is stated that ho was bom in 
the fifth year of Kae, and 1 urn authoritatively informed thst this corresponds 
to December, 1852. If thw is correct Kitasato was in his seventy-ninth year 
at the time of his death. He was the third son of Korenubo Kitasato, a 
knight in the days of the feudal system in Japan. 

In the obituary notice published by his pupil, Professor Mikiuosuke Miyajima, 
in the ‘ British Medical Journal ’ (1931, vol. 2, p. 1141) we arc informed that 
Kitasato began the study of medicine in the then recently established medical 
school at Kumamoto. Later, ho migrated to Tokio, to the Gbvemment 
Medical School, which afterwards became port of the Imperial University of 
Tokio, and ho took his medical degree there in 1883, For a time he was in 
the service of the (lontral Bureau of Public Health in the Department of the 
Interior. About that time Japan was rapidly coming under the influence of 
Western civilisation and learning and Jaj>anose students began to be seen in 
European universities. 
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In 188S Kitnsato was sent by the Japanese Govenunent to study baoteiiology 
in Berlin at the Hygienisohes Institnt under Robert Kooh, who was then 
nearing his zenith as a great pioneer in the study of infective diseases. Ktasato 
worked in Koch's institute from 1886 to 1891, and in the latter part of this time 
he received the title of Honorary Professor in the University of Berlin. 

Robert Kooh was a man of great talent, of untiring diligence and of domi¬ 
nating personality. By all his hundreds of pupils he was held in the highest 
esteem and affection notwithstanding a certain coldness which was part of 
his nature. The effect of Kooh on Kitasato was lasting, and to the end of his 
life Kitasato’s highest aims were that his early associations with the German 
investigator should be justiiied. Twenty years after their inspiring Berlin 
days when Koch visited Japan in 1908 Kitasato received him with open arms, 
convoyed him all over Japan and did much to make Koch’s visit almost a 
national event in Nippon. Kitasato had his full share of the characteristio 
Japanese trait of the veneration of the pupil for the master and teacher, and 
when Koch died he took an active part in raising to his memory an appropriate 
monument. This “ Gedenkstein ” is placed at Kamakura in Sagami Bay, 
not far from Yokohama. It boars a Japanese inscription so full of romantic 
beauty and poetry that 1 insert a translation, us it throws a light on the 
personality of Shibasdburo Kitasato. The words in English are: ”In the 
forty-second year of the reign of Meiji, in the seventh month, the great German 
physician and teacher Koch, professor in Berlin, came to Kamakura. He 
pitched his tent here on the Mountain of Spirits and morning and evening he 
wandered with Kitasato to enjoy the beauty of the mountain and the temple. 
Noti long after he returned to his Western home, where he died. The owner of 
the mountain has joined with others in erecting this monument in commemora¬ 
tion of the spot that Kooh loved so much. This site was chosen around which 
the waves of the sea dash and storm and far above gleams the snow-white 
peak of Vuji-no-yama, already renowned in olden days through the great 
battle of the famous Japanese hero, General Nitta. It was here, by Inamutasaki, 
that he oast his sword into the sea, and hither came the great man from across 
the ocean, looked across to Fuji and loved the place. Therefore let this stone 
stand here as an enduring memorial. Written in the first year of the reign 
of Taisho, in the ninth month, by Nagasaka-Shuld.” Such was Edtssato’s 
veneration for his teacher that he erected a shrine to him in the inner court of 
his institute, and always on May 27—the anniversary of Koch's death—he 
commemorated with appropriate Shinto rites the memory of the soul that hod 
departed. 

But let us return to Kitasato’s scientific career. When he took his work 
bench in the Hygienisches Institnt in Berlin in 1886 bacteriology had already 
established itself as a rapidly advaiuung edenee, through the discoveries of 
Pasteur in France and the Kreisphysikus of WoUstein, Robert Kooh. In 
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particular the Bimple znethodB of pure culture on solid, transparont media which 
had been devised in 1881 by Koch had already yielded such an amasing harvest 
of results as to inaugurate a new era in medicine and brought about a revolution 
in our ideas on the causation of disease. Up till 1881 the bacterial causes of 
disease had been rendered certain, or probable, in the case of anthrax and 
relapsing fever only. The new era was ushered in by Koch’s own discovery of 
the tubercle bacillus in 1882. In the same year Loeffler and Schiits discovered 
the cause of glanders. In 1884 Koch discovered the cause of Asiatic cholera, 
Jjoeffler the diphtheria bacillus and Qafflcy the bacUlus of typhoid fever. 

It was to Berlin-to Koch’s Institute—^where all this feverish activity was 
going on that Kitasato came and he wixh in the thick of it in 1886. After 
passing through the bacteriological course that Koch gave, Kitasato began to 
carry out independent researches and filled up several locunee in knowledge by 
laborious and accurate observations. In 1889 he published his classical work 
on look-jaw. Nicolaier in 1884 had demonstrated that the introduotion of 
particles of garden earth into house mice and other animals can induce tetanus 
and Rosenbaoh also showed that pieces of tissue from a human case of tetanus 
can transmit the disease. He made cultures, but could not got them pure. 
These cultures contained peculiar bacilli in the form of a ** pin or a drumstick,” 
and he inferred that these were probably concerned in the production of look- 
jaw. It was Kitasato who proved this by successfully isolating, in a pure 
state and in the absence of oxygen, the drumstick bacillus, and he showed 
that this is capable of producing lock-jaw. In the bodies of animals dead from 
the disease he could not find the bacilli which he had injected, and he inferred 
that they must bo destroyed in the body, but that before this occurred they 
must give rise to a chemical poison which was the cause of the undoubted 
involvement of the central nervous system. This tetanus poison was in 
fact proved shortly afterwards by Knud Faber. Kitasato’s work on look-jaw 
was remarkable in that he cleared up the main points in the aetiology of tetanus 
and nothing which he wrote on the subject in 1889 has been proved to be 
inoorreot to-day. 

Continuing his researches on tetanus Kitasato, in association with Emil 
Behring, made the great discovery of the antitoxic properties of blood serum, 
and this was announced on December 4, 1890, in a short Imt epoch-making 
paper entitled ” Ueber das Zustandekommen der Diphtherie-Immunit&t und 
der Tetanus-Immunit&t bei Thieren.” This created a sensation in the medical 
world, for the authors announced that they had succeeded in producing 
artificially an immunity against tetanus and that the immunity depended on 
the ability of the cell-free blood fluid to render inert the poison produced by 
the tetanus bacillus. Behring and Kitasato pointed out that this toxin- 
destioying—they named it antitoxic—^property of the blood still persists after 
coagulation and is found in the blood serum. It was so durable that when 
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introduced into the body of a normal animal it could enable that ftniiMl to 
withstand with impunity hundreds of multiples of the dose of tetanus toxin 
otherwise fatal in an unprotected animal. One week after the publication of 
Behring and Eitasato on tetanus immunity, Behring alone published one on 
diphtheria, and showed that similar results can bo obtained in this disease. 
These two researches laid the basis of serum therapy and originated a new 
form of therapy. 

Returning to Japan in 1891 with a wide bacteriological experience, Kitasato 
established in 1892 a private bacteriological institute on a modest scale. It 
was, however, the first of its kind in Japan. Through many years he fostered 
his institute and lived long enough to see it a flourishing school of scientific 
workers equal to the best that can be found in Europe. Kitasato was greatly 
helped by the efforts of Yuohichi Vukuzawa, one of the most piogicaaive men 
of Japan, who did more than any of his contemporaries to spread in his native 
land a knowledge oi the learning of the West, and who founded the KeiO Gijiku 
University in ToJdo. In 1893 Kitasato’s private institute was subsidised by 
the Japanese (rovenmient and new buildings were erected at Shiba, a suburb 
of Tokio. 

While these events were taking place bubonic plague had broken out in 
China, first attracting notice in Canton early in 1894. The disease was con¬ 
veyed to Hong-Koug and attacked chieil)' the lower classes of Chiuuw', but 
also to some extent the British garrison. The dread of the disease was such 
that some 80,000 of the native population fled. Clinically the disease was 
identified os the post of classical days, but nothing was known of its cause. 
The Japanese Government sent Professors Kitasato and Aoyama, a pathologist, 
to investigate the disease and in a few days Kitasato had settled the mystery 
by isolating the bacillus of plague and showing the cardinal port which it 
played. 

The Japanese mission left Yokohama on June 5, 1894, and landed at Hong- 
Kong on the 12th. A laboratory was fixed up in a room in the Kennedy Town 
Hospital, one of the plague establishments. Work was l>egun on June 14, 
1894, and in an autopsy made on that day Kitasato found numerous bacilli 
in the bubonic lesion, as also in the internal organs. As the examination liad 
been made 11 hours after the patient’s deatli, Kitasato was at first doubtful 
of the significance of the bacilli, but he made cultures and at the same time 
inoculated a mouse directly from the patient’s spleen. While waiting for a 
result he examined the blood of a living case of severe plague and found the 
same type of bacilli. Cultures were made and on the following day had grown. 
With these cultures he inoculated mice, guinea-pigs, rabbits and pigeons. With 
the exception of the lost all succumbed, with symptoms and lesions the same 
as he had found in human plague. Every day he examined fresh living coses, 
and from fifteen autopsies on plague patients he isolated the same bacillus 
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every time. He gave an accurate account of the baoteriolo^ of plague and 
formulated th» general principlee for its prevention. 

In the annals of bacteriology there is no reconl of a micro-organism of a 
formidable disease being discovci’ed in a shorttsr period of time, once it was 
investigated by a man who knew his businesH. A number of people tried their 
hand at solving the cause of plague before Kitusato Hf.i>pj)od in, but he it was 
who did the aucoessful work. Dr. James A. Jjowson, of Houg-Kong, sent notes 
of KitasatOH diHCOvcry and also some of his ]>reparatiouH to England, and these 
were published and liguroil in the ‘Lancet ’ of Augtist 11, J894 (p. 325). On 
August 25. 1894, an account of the bae.toriologv of phigue was also published by 
Kitasuto himself in tlie ‘ Jiuncot.* 

I mention these dates because attempts have not been wuntijig to <Jeprive 
K-itasato of the full cmlit of his discovery and this by some of hLs own country¬ 
men. Claims have also been put foiwar*! on ladialf of Alexandre Yersin, a 
surgeou of the French Colonial Service and dinnitor of the Piistciir Institute 
at Nha-Trang (Aiuiani) who also went tlong-Kong and arrived there on 
June 15, 1894, with a scanty liquipmeut. By the time that Yersin had really 
started with liis work Kitosato had got out alt the fimdameiitnJ facts concerning 
the bacteriology of l)ulHmu'. plague. Yersui’s piper was published in the 
‘ AiinaleH de Tliistitut Pastcuir' at the end of September, 1H94 (vol. S, p, 662). 

Kitosato eontinuer] to take a lioe]) iiitetvst in plague and wrote a giKsl deal 
upon tlie Hiil>j(H;t 111 Jafui^<'s(^ In 1911 ho went to Manchuria to study the 
fearsome epidemic- of pneumonic plague wliicdi was thiMi sweeping away its 
thousands of victims. At the International Plague Conference at Mukden 
he was imammously elcctcfl J'resilient. 

Kitosato visited the St. Louis Exposition in hM)4 and was in England more 
than once. In Japan he spent his life building up the reputation of his Institute 
and in developing its sidioo] of workers, among whom may specially be named, 
Taiclii Kitusliiina, Kiyoshi Shiga, S. Hata and ]\Iiyajima. In 1899 the lastitut^j 
was taken over entirely by the Japanese. (.TO\'(‘rnmeut, who grciitly increased its 
scope until it became a largo modern organisation known as the Imperial 
Japanese Institute for Infectious Diseases. New buildings were or<H3tod at 
Shirokauc m the Shiba district some 3 imlos south-wnst from tho contre of 
Tokio, and Kitosato was made Director of the whole. Tins pwt ho hold for 
15 years, and with great sucixuis. In 1914 the Institute was trausfurro<] to tho 
control of the Minist^^r of Education and in 1916 was amalgamated with the 
Imperial University of Tokio. Miyajima (‘ Brit. Med. Journal,’ vol. 1, p. 1141 
(1931)) tells us that this change was eiloctod without consulting Professor 
Kitosato, who forthwith resigned and all his collalmrators resigned with him. 
He then established a now private Institute erected in Shirokane Soukooho, atul 
named the “ Kitosato Institute for Infective Diseases,” and there he continued 
his work as long as he was able. 
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In 191f> he was appointed a member of the Houne of Peers, took up political 
work and did a great deal to organise the Medical Practitioners’ Association in 
Japan. In recognition of his services to science and his public spirit he was 
raised to the Japanese peerage as Boron Kitasato in 1924 On the day 
of Ilia death he was decorated with the Grand Ribbon of the Rising Sun by 
H.I.M. the Emperor of Japan. He had also many foreign honours, the most 
treasured being his election as Foreign Member of the Royal Society on June 4, 
1908. Ho was the only Japanese ever elected to the Royal Society. Ho was 
correspondiug member of the Pnissian Akademio der Wissenschaften and 

Associ^ iStrangur ’ of the Ac*idpnii(? de Modociiie do France. 

Ho founded in April. 1917, the ‘ Kitasiito Archives of Experimental Medicine ’ 
and edited this high-class scientific periodical down to 1930, when his place 
was taken by his pupils, Kitashima, Shiga, Hata and Miyajima as editors. 

In appearance Kitasato was typically Japanese, a short and, in his earlier 
days, very active man. Latterly he became somewhat corpulent, but was 
impressive in his dignity. His death occurred very suddenly from apoplexy. 
Our portrait represents him in middle life. 


W. B. 
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